Chapter 2: Electron Beam

2. ELECTRON BEAM

2.1 Design Concepts

Storage Ring

The current design of the electron beam envisages a racestraplkd storage ring for polarized
electrons of 10 GeV with pro-visions to accommodate energies agdow GeV, and for self-
polarized positrons of 10 GeV. The main design goals are highbeam polarization and maximum
luminosity. The central concept arrives at a luminosity of 0.44X160&/s based on conservative
beam stability and beam-beam interaction limits assuming ke sirigraction region for electron and
hadron beams and two additional hadron-hadron interaction points. A moresaggseheme is
outlined producing a luminosity of 1x¥cm?s requiring further R&D towards higher beam-beam
tune shifts. The over-all dimensions of the proposed electron ringomerned by the following
considerations: The length of the straight sections is given désplhce needed for spin rotators
(vertical spin in the arc, longitudinal spin at the intersection panpplarimeter, and the interaction
region including the detector. The minimal bending radius in the adetermined by the allowable
synchrotron light power density deposited on the beam vacuum chambéing anaximal arc radius
is governed by the acceptable self-polarization time for posjtmpasking fraction of bending
magnets and cost.

Optimization within these boundary conditions resulted in an electisit@n) ring of 1/3 of the
RHIC circumference (L=1278m) with straight sections of 160m, anaalias of 152m and a bending
radius ofp=81m (53% packing fraction). The expected synchrotron power derwity&r0.5A, 10
GeV electron beam is p=11 kW/m, somewhat higher than valuesstingxB-factories but well
within their upgrade goals and a positron polarization tintre=o22 min at 10 GeV. In view of the
relatively firm lower limits on the length of the straight®ens and on the required space between
bending magnets (packing fraction) which together make up over 50% ririgh@rcumference, and

the strong dependence prof the synchrotron light power densityl ) and the polarization time
(O Lp?), the choice of the ring circumference is quite restricted: aering circumference of ¥ of

RHIC would result in p17kW/m, T =10 min.; for ¥ of RHIC circumference,4kW/m, T =~ 81
min.

The current lattice design features an adjustable emittanogtimize luminosity at a range of
energies. It features a “flat” beam with a vertical-to-hamial emittance ratio of 0.18. Although this
is not optimal for highest luminosity, the creation of "round” beantisout loosing polarization is
not trivial and needs to be explored further, possibly requiring R&Eherexisting storage ring at
Bates.

One of the most demanding problems is to design a latticehwirieserves polarization (high
equilibrium polarization) in the presence of magnet and alignmmperfections. One specific
concern is the effect of solenoidal spin rotators proposed for thadhter straight section. Their
use would provide near-longitudinal polarization at the interaction poin& faange of energies
without requiring mechanical reconfiguration of the spin rotators.

The requirement of varying the ion beam energy and thus ion beamtieslatiplies that either or
both of the electron and ion beam ring circumferences have to bstaddle. Three schemes to
accomplish this were considered. The first of splitting the®rg lattice bending magnets into three
units (super-bends) to vary the path length through the benders wouldllmvilya path length
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change of about 5.5 cm or 4.3 the ring circumference to accommodate ions of 100 GeV/amu at
the cost of reducing the electron energy to 7 GeV to keep synchrotron power ddosity b&W/m.

A second scheme of moving one entire arc section uniformly to lengtleestraight sections would
accommodate any ion energies without compromising the e-ritigelar requiring any ion ring
adjustment. The cost of the mechanical engineering for such a loh@asa is still being evaluated
and may prove this scheme impractical. A third possibilitynsimber of fixed chicanes in the arcs
which would allow discrete path length increases accompaniedsinak continuous path variation
in RHIC. A typical arrangement of four chicanes containing 6 displanagnets and 6 displaced
quadrupoles (3 FODO cells) and a continuous path length adjustment of 166016 of the RHIC
circumference would allow a continues ion energy range from 23 to 280 B&vould increase the
cost of the e-ring arcs by about 20%. An optimized scheme is the subject of fuurtes.s

Injection

Polarized electrons are to be injected into the ring at haligy (5 to 10 GeV) rather than relying on
energy ramping and self-polarization of electrons injected atdoergy. Although low-energy
injection would be cheaper, full energy injection provides more stabler ring operations by
avoiding ramping, and the possibility of “topping” up the stored eledieam to maximize average
luminosity. There is no need for wigglers to self-polarize sdastbelow 10 GeV (self-polarization
for ramped beams is indispensable since ramping most likelyogestny initial polarization. Full-
energy polarized injection also would allow frequent injections shoulth lspolarization times
prove too short.

An injection scheme is proposed using a 5 GeV linac with a &eaior that would also naturally
lend itself to include a positron source.

The variable pulse repetition frequencies required for the e-anglifferent ion energies and the
fixed linac frequency require special measures in the polarieettan source and injection to the
linac to provide both relatively high pulse charge at variable pulse frequency.

Interaction Region

The design of the interaction region has to fulfill a number of camditi maximum luminosity
requiresB-functions of the order of 10 to 20 cm for both electron and ion beantsoémtbeams have
to be separated less than 5m past the interaction point to avoid selisehs of the 28 MHz pulse
trains. Both requirements limit the free space around the dtitamgpoint and restrict the available
solid angle for detection of the reaction products from the eleatrogallisions. At the same time,
background from intercepted synchrotron radiation produced in bending anthdptus electron
beam must be minimized. Finally, the effects of the solenoidghetic field of the particle detector
must be neutralized to maintain beam stability. In order to nEerimepolarization of the electron
beam, vertical bending of the electron beam should be avoided whialgibending the ion beam
requires large bending strengths. Keeping both beam in the hofiglame then poses the problems
of beam crossing in the arcs of the electron and ion rings.

An interaction region conceptual design addressing all those condizanbeen arrived at using
half-quadrupoles to separate and focus the interacting beams without testtitsting solid angles
for particle detection and minimizing synchrotron background. Fudeeelopment of these ideas
will require close cooperation with detector design.
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2.2 Geometry and Location at the BNL Site

Existing RHIC collider has six interaction regions. Two of thaim6 and 8 o’clock, are occupied by
two large detectors, STAR and PHENIX. These regions aotuaged from consideration for
additional electron accelerator as they will continue their vimrkhe physics studies with ion-ion
collisions.

Although the two smaller experiments, PHOBOS and BRAHMS located0 and 2 o’clock
interaction regions, correspondingly, will finish their experimeptalgram before the eRHIC era,
these regions also can not be used for eRHIC. The warm sectmmsdatO o’clock interaction
region, where the PHOBOS detector is located, are used for thechaap purposes. The electron
ring cannot be put at 2 o’clock because of environmental restrictionsodaevater flow of the
Peconic River.

The remaining two interaction regions at 12 and 4 o'clock can be coedides possible
locations of the electron accelerator. The first choice coudd the northern 12 o’clock interaction
region as shown in Figure 2.2-1. The electron ring does fit within Mie $te but one section is
relatively close to the laboratory border, about 50m at the clpsa#t There is a residential area
outside of the laboratory border and this could be considered as ddfgatevantage. The major
advantage of that location is an already prepared excavati@enrfew detector. Because of limited
space available in the 12 o’clock, the electron injector has to lsedpiaside the electron ring
circumference, as presented in Figure 2.2-1 The injector desggu lmn normal conducting linac
could be easily placed inside the electron ring circumference.
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The electron storage ring could be allocated more easily atdloéodk region and it is far away
from the BNL border, as shown in Figure 2.2-2. The injector with li@&cbe placed outside of the
electron ring. The injector-to-ring transfer line does not cont&nding arcs, as in the case of
transfer line at 12 o’clock location. In the case of superconduatjector, the proximity of RHIC
cryogenic plant may present an additional advantage for the choice’diock region. The power
supplies building in that area is far from the electron ring and do¢ need to be relocated. A
disadvantage of this choice is an existing RHIC RF systeated at the 4 o’clock area. It would
have to be moved to another area, either to twelve or two clock interaction region.

The future electron cooling system can be built either at 12 arldc&’ depending on the choice
for electron accelerator location.

% I njector

A5

Figur_e 2.2-2 The scheme of the electron accelerator locatieghctlock RHIC region. i
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2.3 Injector Accelerator

2.3.1 Polarized Electron Photoinjector

Peak Current and Timing Requirements:

The advancement in the polarized electron source technology ovpashe&lecade at nuclear and
particle physics accelerator centers have been substdn®a][ Highly polarized electron beams of
diverse peak currents, time structures and duty cycles includingb€akhs are now routinely
produced at Jefferson Lab, SLAC, HERA, MIT-Bates, Mainz and Bon [1,2,3,4Bk€eTpolarized
injectors are based on photoemission process from strained GaAs based photodhtimicized by
laser radiations at 800-850 nm followed by an extraction procebkshigh gradient electric field.
The stored current of order 0.5 A of highly polarized electron beansiorage ring such as eRHIC
normally would represent a modest technical requirement on pitaémiof the art polarized source
technology. The ability to stack multiple pulses in the storagg presents a great advantage in
achieving high stored average currents from repeated injectitim relatively low linac peak
currents. For instance, at MIT-Bates, highly polarized storecemisrrof few 100 mA are now
routinely achieved by stacking of microsecond long pulses ~2 mA Hglever, the collider nature
of eRHIC with synchronized bunches precisely matching the proton mimepeesents a great
challenge to the injector setup and the polarized source architetttis section we present two
architects for the polarized injector and the front end of thdexeter that in principle can meet the
injection requirements of the synchronized bunches for eRHIC. These options areedrassuiing
a room temperature copper accelerator at 2856 MHZ. Modificatidhet architect of these options
may be required if a superconducting RF linac is used insteadoriftogples of the two options are
still valid for SRF linac. The variations between these twooaptare in the time structure of the
photoemission drive laser systems and in the electron beam line for bunching and chompiogs.

In this section, the photoemission process from high polarization phutdest are described
followed by a description of the two options for the laser systems for the source.

High Polarization Photocathodes

Polarized electron beams for accelerators are generatedphbjoemission process using
longitudinally polarized laser lights at 750-850 nm from the surtdc@aAs based photocathodes
under UHV conditions. The electrons are extracted from the suréaicg high gradient field present
between the anode and cathode electrodes. The maximum thediretidar degree of polarization
from a bulk GaAs surface is 50% and ~40% in practice due to deatilan effects in the bulk. The
photoemission process in bulk GaAs is the simultaneous excitatidactrfoes in degenerate states
in the valance band to the conduction band. To the degree that this degéméha valance band is
removed, higher degree of polarization can be achieved. A common tecttnrgugove the existing
degeneracy is to introduce strain in the lattice by growing BaAsgers on substrate GaAs. The
lattice mismatch between GaAs and GaAsP produces mechanial reear the boundary surface
[6]. The active layer must be very thin of the order few hundred nm to keep the stsaint prear the
surface of the photocathode. The reduced depth in the active yssca substantial reduction in
the Quantum Efficiency (QE) of the photocathode. QE is thetidrsal number of electrons
generated by a single photon. QE for bulk GaAs photocathodes witBOp40% is of the order of 1-
10 % and 0.01-0.1% for high polarization strained GaAsP, smaller bydéeades. The high
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polarization photocathodes therefore, have the inherent problem of low QHls.a laser radiation
of wavelengthA and power P, the maximum peak current generated from a photocathode of
appropriate band gap structure is given by

QEx P(MWA\ (nm)

1239
For instance, with P=1W, QE=0.1%t800 nm, a peak current of ~0.64 mA can be generasd.
shown in Figure 2.3.1-1, the QE and polarization are strong functions of
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Figure 2.3.1-1. (Left) Photoemission data on a GaAsP from SLACdRdwing Polarization and QE as a function of
wavelength. (Right) A schematic diagram of theidattstructure of a high polarization high gradieloped strained
GaAsP photocathode [8] now in use at SLAC and MEEeB. The peak polarization for this sample is B8&rnm where
commercial high power lasers are more readily abél The 10 nm thick layer is highly doped to rexltice surface
charge limit effect.

Surface Charge Saturation Effect

In a perfectly atomically clean and freshly activated phobtmci, the extracted charge is
proportional to the incident laser power. However, as the QE of the pkitdde decreases due to
surface pollution, the relationship between the laser power and thetegtcharge begins to deviate
from linear. This is particularly pronounced at high laser poweritieshsvhere due to an abundance
of negative charges on the surface, the effective work functiortiieaurface is increased causing a
reduction in the extracted charge per bunch. This effect has been observed an8laAM#r -Bates
and studied in great detail at SLAC [8]. Figure 2.3.1-2 shows daa fine MIT-Bates polarized
injector that clearly indicates the deviation from linearhasphotocathode is aged over the course of
many months. As charge saturation effect increases moreplaser is required for producing the
current required. To reduce the surface charge limit in the haghegt doped sample currently used
at SLAC and MIT-Bates, the top 10 nm GaAs layer is heavily dopedieker, this thin layer is
evaporated after several heat cleaning at near 600 C. Caredentaken to reduce the number of
heat cleaning for as long as possible. There are potentiakyaseother methods to reduce the
surface charge limit for high polarization photocathodes. These inchtdiede biasing, higher gun
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voltage, higher QE and the use of superlattice structures [9%eThethods and have been tested in
various photocathode and gun R&D programs mainly at SLAC and Ndgayéurther R&D is
required to make them practical.
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Figure 2.3.1-2. Peak current vs. laser power shown after severdldieaning and activations for a two months period
for the MIT-bates polarized injector. Due to sugaharge limit effect the slope of the currentlaser power decreased
between 9/22 and 11/26 (squares and trianglesgafdieaning and activation on 11/26 partiallyoesd the slope
(circles).

Charge per Bunch

Assuming 120 bunches distributed evenly in the eRHIC electrorthiatgs 4.3us long, a 480 mA
stored current would correspond to 20 nC charge per collider bunch. With ~Bfeétion repetition
rate, and 10 minutes fill time a total of 15000 pulse trains ( eagis4dhg , 35 MHz) with 1.3 pC in
each bunch from the linac are required to stack the required 20 n@=cblinch. The charge per
bunch from the polarized source to provide these bunches in the linaclveolld pC divided by the
capture efficiency of the injector to linac. The photoinjectorintacl capture efficiencies will be
discussed for the two photoinjector options discussed later in thisrselable 2.3.1-1 illustrates the
important parameters of the collider ring, the linac and the polarized injector.
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Quantity Value Unit
Collider Stored current 480 mA
Ring Frequency 28. MHz

Ring circumference 4.3 s

Number of bunches in the ring 120

Charge per macroscopic bunch 20 nC

stacking: pulse train rep. rate 25 Hz

Duration 10 minutes

Total pulse train from injector 15,000 (25x10x60)

Charge per bunch 1.3 pC
Photocathode Bunch duration ~70 ps

Bunch charge 1.3 pC

Peak current 20 mA
Linac Microscopic duty cycle (within 4.3 us) | 2x10°

Macroscopic duty cycle during fill 1x10*

Macropulse average current 40 HA

Average current during fill 4 nA

Table 2.3.1-1 Important beam parameters for the collider ring,the electron linac and the polarized injector.

Two Options for eRHIC Polarized Injector

There are two classes of options considered for the eRHIC zealamjector. In one option, the
radiation from a mode locked laser system at the collider fregquef 28 MHz (102" sub-harmonic
of 2856 MHz copper linac) is modulated and amplified with a shutter Roc&lk and an amplifier.
The photoemitted electron beam has the synchronous bunch and time Sruetuiesed for the
collider ring. No further chopping or bunching is necessary. In the second optigh,@hier diode
laser similar to one for the MIT-Bates polarized injector [ffdduces DC radiation ~48 long
directed to the photocathode. The 28 and 2856 MHz RF structures are iatroniacthe electron
beam by a 102 MHz buncher and a 28 MHz chopper synchronous with the collider ring folloaved by
drift and a chopper-buncher system at 2856 MHz. These two options stebdd here. The
microscopic and macroscopic pulse structures for the injector lendtdllider ring are shown
schematically in Figure 2.3.1-3. The microscopic and macroscopic deigsdpr the current pulse
structures are 2x10-3 and 1x10-4 respectively. The overall duty cydlee ahjector and linac is
2x10-7.
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Microscopic bunch structure: df1=2x10

=
I

< 28 MHz
S—_
——
<«— 40 ms —>| > « 431
< 25 Hz >
— _
—
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Figure 2.3.1-3Schematic diagrams of microscopic bunch strudiio@) and the macroscopic pulse structure (bottom).
The duty factors are 2x10-3 and 1x10-4 respectiviie overall duty cycle of the injector and lina@x10-7.

Option 1: Mode locked laser with synchronous amplifier

This option would consist of a mode locked laser at 28 MHZ"-s0Bharmonics of the 2856 MHz
copper linac followed by a shutter Pockels cell (SPC) for ggingrthe macroscopic pulse length of
4.3 us and a possible laser amplifier operating synchronously at theéecdiequency of 28 MHz.
TheA/2 SPC combined with a polarizer would provide the necessary smgtciiithe beam for long
pulses. These ~100 ps wide pulses should arrive synchronously withinnthevizZle storage ring
bunches. A schematic view of this laser system is shown in F&y8ré-4. The macroscopic pulse
length and repetition rates are ~gs8and ~25 Hz respectively.

Today, such mode locked lasers can produce 300 mW of average pbegredk power for 70 ps
long pulses at 28 MHz would therefore be as high as 150 W as shown below

ring

with fing=28 MHz and dt=70 ps

As stated earlier in this section, to fill the ring to 480 mAhwi20 bunches in the ring with 10
minutes fill time would require bunches from the linac with ~1.3 p&ge each. The peak current
for these 70 ps wide pulses would be about 18 mA. With a QE of‘5xd@\=800 nm, to produce
18 mA peak would require peak laser power of order ~50 W which is faic®less than what a 28
MHz mode lock laser can produce. This is the safety factor ezfjtor degradation of QE over time.
The capture efficiency of the injector with this laser system is 50-100% depgesrdihe beam optics
in the injector.
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Figure 2.3.1.4. Schematic diagram of mode locked laser optionHeraRHIC electron injector.

The drawback of this option is the timing stability requiremessbaiated with mode locked lasers
compared to DC or pulsed lasers. The advantage of this option is i looilider frequency into
the photo-emitted electrons from the source. No chopping and bunching det¢lrere beam is
necessary in this option.

Option 2: High power pulsed diode laser with e beam bunching

In this option, a high power fiber coupled DC diode laser producessdl@ng laser pulses directed
to the photocathode. After accelerating to several hundred keV, thegrhdted polarized electron
pulses pass through a structure consisting of a 102 MHz bunchdritirodvity, a 28 MHz chopper
synchronous with the collider ring, and a 2856 MHz chopper and bunchensyste purpose of the
102 MHz buncher and the drift is to increase the peak current bgta f#£ 5-10 by compressing
each 10 ns cycle down to about 1ns through velocity bunching at ~200 ke’3£if an drift space.
The corresponding drift space for a 28 MHz buncher is unrealigtioaly and the bunching gain for
a 476 MHz buncher is not as much as the one from a 102 MHz bunchee Eigu-5 shows this
option schematically. As stated above, the charge per linac beguhied for the collider is ~1.3
pC. The requirement on the peak current from the source wikdweced by a factor of 5-10 if the
102 MHz buncher could efficiently capture a total of ~1ns of the D@besar the zero crossing of
the sinusoidal RF and compress it down to ~200-100 ps. The peak currentimat¢her a 70 ps
wide bunch and 1.3 pC charge is 18 mA. With a 102 MHz bunching fractige, Fand a linac
capture efficiencyecapurethe required peak current in the polarized injector before bunchingw
then be
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Ilinac*
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Assuming a linac capture efficiency efapure0.5 and a bunching factor of k=5, the required
peak current from the source to meet the linac charge per b@irdicB pC is ~7 mA. This is quite
possible with a high power diode laser system such as one ub#d-8ates illuminating a high
polarization photocathode that is not highly surface charge limited.

The advantage of this option is the simplicity and the stabilith@DC high power diode laser array
system that is commercially available and as the operatoparience at MIT-bates indicates, they
are trouble free and maintenance free operating for yearsiratwback of this option is the complex
chopping and bunching elements on the electron beam and the lessstihaah Ide capture fraction
between the photocathode and accelerator.

photocathode

[, High Power diode
array laser system

' Buncher - :
~102 MHz chopper buncher:
| %f_/ :.
—— 28 MHz 2856 MHz !
Ring timing chopper
Linac RF
¢ synchronization
°

Figure 2.3.1-5. Schematic diagram of the eRHIC electron injectdizirtg high power pulsed diode laser and electron
beam bunching. The ~102 MHz buncher and the défiriended to reduce the peak current requirenfientbe
injector.

Multiple Injectors and Load Lock System:

For increase in the operation efficiency of the accelerat prudent to have a dual polarized
injector each consisting of a polarized gun and the initial beanmsagdéments connected to the front
end of the accelerator with isolation gate valves. This dual sedufal\wermit the operation of one of
the injectors at a time and the second as a stand by for baokaghdition, the gun chamber can be
equipped with a load lock system that would provide the capability dingaf photocathodes into

the gun assembly without a lengthy bakeout of the gun chamber rdtessary to achieve UHV
conditions. The SLAC polarized injector for instance, has a load lstkre in use for many years.
A load lock system is a more complex multiple chamber systém moving parts under UHV
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conditions. However, a load lock system with proper design would provide inalf a dozen
photocathode samples that can be moved into the photoemission position.
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2.3.2 eRHIC Injector

Preliminary Design Considerations for a 10 GeV Elec  tron/Positron Accelerator

The baseline injector for the proposed eRHIC collider is a ) i@achine capable of accelerating
either electrons (polarized) or positrons (unpolarized). The suatessiflization of the eRHIC

physics program requires the highest possible luminosity>*~d* s

! and highest possible

polarization of the colliding beams. To maintain the optimum curre®$ Amps, in the eRHIC
electron/positron (e-/e+) ring and preserve the high electronizailan available from today’s
photoinjectors, P>70%, the most straightforward technique is to imextthe e-/e+ ring at its
operating energy of up to 10 GeV.

Injecting on energy into the eRHIC e-/e+ ring has the three important tsdistéid below.

1)

2)

3)

Stability: Injecting at the full energy allows the e-/e+ ring to run ur@¢/ conditions.

The stability and control will be superior for a ring with static conditicospared to one
where the beam energy is ramped. This stability will be irapofor the fine tuning of
the e-/e+ ring that will be required to maximize the luminosity of thédoadj beams.

Rapid Filling: Injecting on energy allows for rapid filling of the e-/e+ ring. Stwill
reduce the filling time that is required for the e-/e+ ritighe filling time is too long it
will reduce the integrated luminosity. In practice, the eRHiider fill time is likely to
be limited by the fill time required for the hadron side. Howeiteis still desirable to
keep the e-/e+ fill time short enough so it has a negligibleaathon the integrated
luminosity. Further, on energy injection allows a “top-off” mode of apen where the
current in the electron ring is periodically topped-off at intisrwehich are much more
frequent than the hadron storage time. This will increase tlk@ermm achievable peak
luminosity by allowing the eRHIC ring to operate at a highenbbaam tune shift. The
shorter e-/e+ lifetime is compensated by more frequent fillifgs also increases the
integrated luminosity by running the electron current at nearly constaret aball times.

Highest Electron Polarization at all Energies/High Positron Pdrization at 10 GeV:
For low energies, 5 GeV, the electron polarization will berdeteed by the source. This
avoids the high radiation load and complexity in the main ring tlbatdvbe required to
radiatively polarize electrons at the low energies. On enamgction also avoids
depolarization that is likely to occur if the main ring is ramgéds depolarization occurs
principally as spin resonances are crossed during the rampileg €hics effect has been
observed at many existing synchrotrons [1,aBfl would severely impact the physics
program requiring polarization observables.

The performance requirements of an on energy injector are listed below:

Accelerate polarized electrons to the e-/e+ ring operating energyimuma of 10 GeV.

Preserve the electron polarization during the acceleration process.
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» Create and accelerate unpolarized positrons to the e-/e+ rirgfinge¥nergy, a maximum of
10 GeV

* Fill the e-/+ ring to its operating current of 0.5 A in 10 minutes either positrons or
electrons

* Maintain the capability to “top off’ the current in the e-/e+grioy delivering a pulse of a few
mA every few minutes.

» Fill the e-/e+ ring with the bunch structure required by thédssl The present design calls
for 35 ns bunch spacing. The ideal injector will deliver good bunch to bunclyechar
uniformity, <1%. The injector should allow flexible filling patterincluding other bunch
spacings and unpopulated bunches to limit ion trapping and accommodatedetiene of
the e-/e+ ring injector elements.

Since the eRHIC program uses stored colliding beams with Idstiwell in excess of one hour the
average current requirements of the injector accelerator corapdeuite modest. However, details
of the collider timing requirements place some additional demandtheorinjector accelerator
complex. Table 2.3.2-1 lists the necessary properties of the bebwerett to the eRHIC
electron/positron ring. ldeally the positron beam would meet thee ggerformance specifications
(excepting polarization) as the electron beam.

Beam Energy 10 GeV

Macro Pulse Repetition Rate (during fill) 30 Hz

Electron Bunch Spacing 35 ns

Bunch Train Length 4.3 us (single turn in the e-/e+ ring)
Charge/Bunch 3 pC

Fill time (Machine on time) <10 minutes

Time between fills (Machine idle time) >2 Hrs

Injection Efficiency (Qring/Qsource) >50%

Table 2.3.2-1. eRHIC electron/positron injector accelerator paaters.

The small macro current of 1Q(A in table 2.3.2-1 results in very small beam loading foofathe
injector variants considered below. The parameters here reflect a modeatioopehere the eRHIC
e-/e+ ring is not “topped-off.” If a “top-off’ mode is adopted thealerator would be required to
periodically wake up and deliver a pulse to the eRHIC e-/e+ aingpproximately 10 minute
intervals.

While several multi-GeV injectors are operational at exisfiacilities [3-5], there is considerable
performance risk for the eRHIC physics program depending opatitieulars of the injector design.
As a principle design tenet we assert that the maximum lurtynokithe collider and maximum
polarization of the electron/positron ring should not be limited by the performartoe iofector.

Several distinct accelerator topologies appear to have the potentialttthesserequirements. At this
early stage of design we consider three variants:

1) Recirculating copper S-band linac,

2)  Recirculating superconducting linac
3) Figure-eight booster synchrotron.
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Considerations that will affect the choice of injector includequarénce, performance risk,
reliability, and cost. Another important factor will be the possimde of the eRHIC injector for
multiple purposes on the Brookhaven site. At this point all three topslagéeviable options. Each
is presented in more detail below.

Recirculating Copper Linac

Figure 2.3.2-1 shows a possible layout of an injector based on ar dmggeand recirculator. Here
the linac structures are 3 m SLAC 2856 MHz traveling waveémec The 2856 MHz frequency is
well established and the accelerator and high power RF soueaem@mmercially available. The
performance characteristics of this technology are known anddfresthis design presents little risk
for an eRHIC injector.

ggﬁﬂfd Electroznoo MeV Copper Linac, SLAC type cavities

Positron Source 4 GeV

0 10 50 100 150 200 250 275m

Figure 2.3.2-1 eRHIC injector accelerator. A polarized electromieis accelerated to 200 MeV and injected into a 2
GeV copper linac. At the end of the linac the bésuitmansported through a 180 deg isochronous ndaition arc into a
2" 2 GeV linac where the beam is accelerated to 4.@e and a half subsequent recirculations incrézsdeam

energy to a total of 10 GeV. Positron productioslpported

The parameters of a copper linac that would satisfy the eRetj@drements are listed in Table 2.3.2-
2 Below we consider a pre-conceptual design of a copper actejehatodule,” where a module
consists of a 350 kV power supply, a capacitor bank, a HV modulatohswait) MW klystron, RF
waveguide distribution, 2 three meter accelerating sections and theiaésdd®l loads.
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Linac Frequency 2856 MHz
Linac Gradient 16 MV/m
Number of Linacs 2

Active Linac Length 120 m

Linac Length 170 m

Linac Section Length 3m

Shunt Impedance 53 MOhm/m
RF Input Power/Section 25 MW

RF Macropulse Length 10pus

Beam Pulse Length

2 us (one recirculation period)

Macropulse Current

0.1 mA

Pulse Repetion Rate 30 Hz
Section Fill time 0.820us
Klystron Power 50 MW
Klystron Current 350 A
Klystron Voltage 350 kV
Klystrons/Modulator 1
Accelerating Sections/Klystron 2

Number of Sections

80 (40/Linac)

Number of Klystrons

40 (20/Linac)

Table 2.3.2-2. RF parameters — Copper S-band eRHIC injectoclina

The pulse repetition rate of 30 Hz is a reasonable requiremeatliieac of this type. An average
power of 30 kW per klystron is expected. These pulses would be line ltmkettreased stability.
The rate is also well matched with the main eRHIC dampmg ©f 7 (58) ms at 10 (5) GeV.
Optimal filling of the main ring is achieved at repetiti@ies equal to approximately three inverse
damping times.

The copper linac is limited to a smaller number of recirculat{@f®) due to constraints on the pulse
widths available from the high power klystrons, i.e. pulses <10 dgration. The circulation time in
the linac is 3us. So the required RF pulse width for two turns of beam accelersiiqrs where two
microseconds have been allocated for the RF turn on. This is a godd wiidt the pulse widths that
are available from these high power 50 MW Kklystrons. Hos 6f RF 8us of video current from the
klystron would be required.

A beam pulse length of 2s is matched to the injector circulation time so that adhedail” mode

of operation may be used. This keeps the current in the linac coafi&arthe initial turn and limits
the impact of beam loading. The linac would be required to pulse twid#l the full 4.3 us

circumference of the & ring.
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In principle RF compression (SLED) technology could be used to setba peak power from the
klystron from 50 to ~100 MW. Higher gradients of 24 MV/m would be posshHibevever typical
pulse widths from these compression schemes arg@sli@ng and therefore not readily compatible
with a recirculating linac. Therefore we have not adopted RF compressiorsfeartiaint.

More detailed considerations of the RF sources and modulatorsdppardinac are presented in the
following sections.

Pulse-Modulated RF Power Amplifier

The existing technology baseline is the Toshiba 50 MW peak-power 2.B26kigstron MVED
capable of 10 us pulse duration, at 40% efficiency, requiring 125 MW/ ljssam power input ( 350
kV beam voltage and 350 A beam current). An emerging technology opgeal¢pment required)
is the Multiple-Beam Klystron (MBK) with higher efficiend$0-65%), due to lower perveance of
individual beams (typically 0.5 micropervs per beam, compared with 2ropeiws for single-beam
gun), and operating at lower beam voltage, typically half thatngfle-beam klystron of same peak
power, due to higher conversion efficiency and, more importantly, highealr beam perveance
(typically 4 micropervs for 8-beam gun). A block diagram of a pufsdand transmitter is shown in
figure 2.3.2-2

Y

Load

480 VAC 3p —————==— HyDC == “Line" type or"Hybrid"
Supply 35kV type Modulator and Step

up Transformer 1:10 -
Fault
Protection

!
\

3dB Hybrid
2856 MHz Low Level 50MW
From Master — RF Klystron >
Oscillator /

Load

!

Traveling Wave Structure

3 meter 273

Load

Traveling Wave Structure

3 meter 273

Fig 2.3.2-2Block diagram of a Pulsed S- band Transmitter

Pulse Modulator

The traditional technology baseline is the “Line-type” modulaershown in Figure 2.3.2-3, using
an artificial transmission-line pulse-forming network with ewderistic impedance matched to
transformed load (klystron beam) impedance, switched by half-contosir{g switch only) such as
Hydrogen Thyratron or high-current Thyristor stack. The pulsatdur is determined by time delay
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of network. The Klystron load is coupled by step-up pulse transfotgmcally 10:1 turns ratio. All
of the stored network energy is transferred to the klystron éaath pulse. Referenced to pulse-
transformer primary, the modulator switch must be rated aktifie output voltage, for normal
operation, and twice the normal load current, for a short-circuit faatt condition, a non-
simultaneous rating that is 4 times the load power under normal cosdifiba switch peak power
rating, therefore, must be 500 MW, for 125 MW peak load power.

CHARGING CKT PFN VN=2VDC=70kV CLIPPER CKT

AC N T L
T T I
.
r/ HALF-CONTROL
SWITCH
KLYSTRON
J 3504

—350kV PULSE
Fig. 2.3.2-3Simplified schematic of basic “line” type modulator

An option is the so-called “Hybrid” modulator, as shown in Figure 2.3.2-4ng w@s step-up pulse
transformer but with the PEN replaced by a capacitor bank artththeontrol switch replaced with
a solid-state full-control switch (turn-on and turn-off), comprisingeseconnected Insulated-Gate
Bipolar Transistors (IGBTs). The duration of the output pulse isdheesas that of the IGBT gate-
drive. The voltage droop of the output pulse is determined by the afattapacitor-bank charge
storage to the charge delivered to the load each pulse. Referertbedptdse-transformer primary
winding, the switch voltage rating is the same as the output volsget-circuit fault current is
interrupted by opening the IGBT switch (less than 1 u-sec opemm®).tiThe switch peak-power
rating is the same as the load power, or 125 MW, assuming aci@pgeitor bank, and negligible
voltage droop. A variant replaces the capacitor bank with an under-mhaREN, having a
characteristic impedance small compared to that of the oramsdl klystron beam impedance. PFN
delay-time must be more than half of the longest output pulse @urdihe output pulse has zero
droop, but has a voltage step at the leading edge, (depending on degnéeraiatch), continuing
throughout the pulse, and pulse-top voltage ripple, determined by numbetwairk stages. The
pulse duration is the same as the IGBT gate-drive. The switchgeoind power rating must be
greater than output voltage and power, depending on degree of under-matatsténce, 10%

greater, for 10% undermatch).
IGBT DRIVE

Ll L[

IGBT
SERIES SWITCH

AC IN

CAPACITOR
BANK

3500A

CLIPPER CKT VP
35kV
PT KLYSTRON

J7 10:1 350A
—350kV PULSE

Fig 2.3.2-4Simplified schematic of “hybrid” type modulator
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Other options, in the category of emerging technology (developreqoired) are the direct-drive,
series-connected IGBT switch, with no step-up pulse-transfoamedran adaptation of the so-called
“Marx” generator topology. Energy storage capacitors aregeddairom a relatively low-voltage DC
source, in parallel, and discharged, in series, by means of ISBTh modules distributed
throughout the generator.

High-Voltage DC Power Supply

Except for the emerging-technology options, the required DC powerysaptgut voltages is less
than the peak pulse output voltage by a factor equal to the pahséeirmer turns-ratio.
Notwithstanding the continuing improvement in power output capabilityigif-frequency switch-
mode DC power supplies, the optimum power-supply topology is the poly-figpsmlly 12-pulse)
line-frequency transformer-rectifier. It is the simplesb @ctive components), most reliable (fewer
components)) and most efficient (lowest total losses) source lofgjuiglity DC output. It is also the
largest and heaviest, but these are factors of only secondary inggorifoltage regulation, soft-
start, and high-speed fault disconnect can be provided by SCR primary conducteoceatigl.

Recirculating Superconducting Linac

Figure 2.3.2-5 shows a possible layout of an injector based oneacengducting accelerator and
recirculator. Here the TESLA frequency of 1300 MHz is chosen dthetoestablished performance
[6], but the use of other frequencies between 500 — 1500 MHz is also possible.

Polarized Electron
Source

200 MeV SC Linac, Tesla type cavities

200 MeV

10 GeV [Ms _

N
Positron Source 3.3 GeV

0 10 50 100 150 200 250 275m

Figure 2.3.2-5 Same as Figure 2.3.2-1 except that here the Imds two 1.7 GeV superconducting TESLA style
structures. The electron beam is accelerated throdg3 revolutions before reaching the maximum eRHIC rergy of
10 GeV. Not shown here, a positron damping ring mape necessary to limit beam losses in the supercaraiing
structure. Notice that the scale of the supercondiing complex is ~200 m x 50 m while the normal calucting is
~300 m x 50 m.

The parameters of a possible superconducting linac for eRi¢IGsted below in Table 2.3.2-3 are

baseline consideration of the superconducting version we use the
parameters of a TESLA type 1.3 GHz accelerator.
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Linac Frequency 1300 MHz

Linac Gradient 26 MV/m

Number of Linacs 2

Active Linac Length 64 m

Linac Length 92 m

Linac Cavity Length 1m

Shunt Impedance (R/Q) 1038 Ohm

Cavities/Cryomodule 8

RF Macropulse Length 40 ms — CW

Average Macropulse Current 0.01pA

RF Pulse Repetion Rate CW — 10 Hz

External Coupling (Q_ext) 2-10

Cauvity Fill time 1-4 ms

Klystron Power/Cavity <10 kW

Cavities/Klystron 1

Maximum Heat Load at 2K 5 kW (for CW operation)

Average Heat Load at 2K 100 W (10 minute fill every 8 hrs)
+ 80 W (10 sec top up every 10 minutes

Table 2.3.2-3 Parameters for a possible superconducting linaeRiIC.

Unlike the copper linac, the number of circulations for the superconductagywill not be limited
by the maximum RF pulse width but by the complexity and costhefrécirculation. The cost
differential for one incremental recirculation scales with thquired length of the linac. The
incremental linac cost for one additional recirculation is proportitmgl/N — 1/ (N+1)] where N is
the number of recirculations. Further, each incremental recir@alatc is more expensive than the
previous as it is transporting beam at a higher energy and maaisinterfere with the prior
recirculation arcs. Figure 2.3.2-6 shows capital cost as a functitme afumber of recirculations,
where a very simple cost model is adopted. The superconductingslioasted at $0.5M per active
meter and the recirculator is costed at $0.1M/m multiplied byakly increasing function which
reflects the additional cost of transporting a higher energgnb@&hese considerations show that the
largest cost benefit is in the first recirculation and that ammojpt exists near two recirculations
(three passes). Not included are the substantial offset costheufauicelerator systems including
injector accelerator, cryogenic refrigerator, polarized tedacsource, positron damping ring and
other infrastructure. This optimization can be compared with trstirex Jefferson Lab Accelerator
which has four recirculations (5 passes). Here the optimum (l@apgal cost) is at a lower number
of turns than Jlab due to the high gradient, 25 MV/m available from the TESLA adogleatities.
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200 \
180 \ —=— |inac Cost
\\ —e— Recirculator Cost
160 \\ I
—a— Total Cost
140

120 \\‘\ —
100 \-\
80 _—
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40 ‘)4/\'\.
20 /
<r/
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Cost (a.u.)

Number of Recirculations

Figure 2.3.2-6.Capital cost scaling of a superconducting eRHICekrator injector as a function of the number of
recirculations. The falling cost for the linac slénced against a rising cost of the recirculatading to an optimum near
two recirculations (three passes).

The time structure of the beam required to fill eRHICu$4 0.1mA pulses at 30 Hz with a micro
structure of 3 pC every 35 ns) gives a very modest requirement dredine power that the RF
sources need to deliver. The average beam current is less thana2@ miAerefore the beam power
per cavity is less than one Watt. This is to be contrastddtiagt TESLA collider requirement where
the macropulse beam current is 10 mA and the required RF pavibefoeam is 200 kW per cavity.
Clearly a very different RF source is required. For negligigdam power as above and very low
wall losses in the superconducting cavity ( P~30W at 25 MV/rhe) limitations on the minimum
required RF power come from control and stability requirementseoktiperconducting cavities.
Several institutions are pursuing active piezo-restrictive tuhatswould control the cavity center
frequency [7]. These devices show great promise, but require opeirsgide the cryomass and
themselves have resonant behavior which places limits on thedrparice. Bates is developing an
RF recycling concept that would make use of an external tungrheasd shifter, which would allow
the RF sources to be much more closely matched to the intrinsic power requsremer@0 W. This
topology may allow the use of solid state amplifiers rathar Khgstrons. If successful, this effort
would substantially reduce both the capital and the operating casticied with the eRHIC a
superconducting recirculating linac injector.

Another RF source, a 30 kW, 1.3 GHz Inductive Output Tube (IOT) isualder development by
industry. This is a gridded vacuum tube which does not require the uséigii & oltage modulator.
The removal of low level RF from the grid stops the current eomdsom the cathode, eliminating
all power demand. Further, these devices have very high AC to Riemrtfy (~65%) due to the
bunched nature of the current emission from the cathode. The sinysuieiafial on the RF grid
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limits the emission angle of the cathode to less than 180 defmeescreasing the bunching (and
RF source) efficiency. Since the 10T is capable of deliveBdigW it has the ability to overdrive a
superconducting cavity system during the long fill time (up tos¥wrhich requires only a few kW in
equilibrium. This would make higher pulse rates possible for a pulseerconducting eRHIC
injector accelerator.

The 2K dynamic heat load of this accelerator is substantial, B@Wavity at 25 MV/m and &
10'. For 128 cavities this will correspond to a refrigerator poweratiehin excess of 5 MW for CW
operation of the linac. However the periodic nature of eRHIC filling, 10 minuteg eight hours, or
10 seconds every 10 minutes every half for top-up operation, allow opeoéttbe linac with a
macroscopic duty factor substantially less than 10%.

Positron losses must be kept to a minimum in the superconductingustsicAverage positron
currents of 20 nA, an average energy of 5 GeV and 50% current thssésited over the length of
the linac would add an additional heat load of 100 W at 2K. This should bestedtwith the

dynamic heat load of ~ 5 kW for CW operation. More serious would ladided losses that could
cause a cavity quench or even permanent damage to the superconducting structure.

The success of the JLAB superconducting recirculating acaalel@tonstrates that such a machine
could accommodate the requirements for electron injection into the

eRHIC e-/e+ ring. Further work is necessary to optintizg type of injector with consideration of
recent progress in superconducting RF systems. The integrationiwbmpascceleration will also
require significant effort. A normal conducting positron pre-acagderand damping ring may be
required.

Figure Eight Booster Synchrotron

Another variant of the eRHIC injector that merits consideragahe figure eight synchrotron. This
injector topology (Figure 2.3.2-7) is similar to that proposed for thetren Light lon Collider
(ELIC) presently under consideration by a machine design groulp/sB [8]. Due to the two
opposing 270 degree arcs, this geometry has the attractive féatutieet forward spin precession in
one half is cancelled by that in the other half, i.e. the net@pitession is zero and independent of
energy. Therefore this synchrotron should be able to ramp at modsese~60 Hz, with little loss
of polarization. No spin resonances will be crossed during the ramping process.

The parameters of this type of synchrotron are listed in Tal#e2-4. For this geometry the
synchrotron losses per turn at 10 GeV are substantial, 47 MV, so 76fNRF voltage must be
installed in the ring. However, the average energy during timg ia only 5 GeV, the supported
current is also quite modest, I~1 mA and the synchrotron has a akttyr fof less than 50%.
Therefore the average beam power is much less than 10 kW. Thisnetion of high voltage and
low beam power might be well matched to a superconducting Rénsyshese RF parameters are
quite distinct from the main eRHIC electron ring where curreh3.5 A and synchrotron losses of
10 MV require in excess of 5 MW. A critical task for the “figweight” geometry will be a detailed
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simulation of the polarization behavior during the ramp to assessviseof polarization that would
be achievable for the electron and positron beams delivered to the eRHIC main ring

Extraction
5-10 GeV

Polarized Electron
Source

20 MeV

Injection 0.5 GeV

Positron Source

0 10 50 100 150 200 250 275 m

Figure 2.3.2-7 eRHIC injector synchrotron with “figure eight” geetny. A 20 MeV injector and 500 MeV linac fill the
synchrotron ring to 0.1-1 mA after which it is ramapin energy from 0.5 10 GeV in 10-100 ms.

Due to the small dipole curvature, ~30 m, the ring will have a patasizdamping time of 40 s at 10
GeV. This should not cause significant depolarization as the beeutatés in the booster for less
than 100 ms.

Maximum Energy 10 GeV
Injection Energy 500 MeV
Circumference 500 m
Dipole Curvature 30m
Synchrotron Radiation Losses/Turn 47 MV @ 10 GeV
Accelerated Current 1 mA
Peak Beam Power @ 10 GeV 50 kW
Installed RF Voltage 75 MV
Installed RF Power 100 kW
Synchrotron Cycling Frequency <60 Hz
Polarization Damping Time 40 s
Equilibrium Polarization 0

Table 2.3.2-4 Parameters for a possible figure eight synchraimgactor for eRHIC.
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If the polarization properties (small depolarization) of the lacated beam permit a slower ramp it
would be desirable to fill the synchrotron with several pulses (atl@®} injection energy to a peak
current of ~1 mA and operate the synchrotron at a lower frequangyl0 Hz. The multiple pulse
filling could be achieved with either momentum stacking from a 8G6D MeV copper linac (160
ms) or phase space painting with a superconducting 500 MeV injector linps)(20

Positrons

The requirement to deliver 10 GeV positrons to the eRHIC ring anftsderable complexity to the
eRHIC injector. As illustrated in Figures 2.3.2-1 and 2.3.2-5 ourrpirgdiry concept for positron
production with either a normal or superconducting linac is accomplishedacelerating electrons
through one turn before striking the production target. In the positr@leaatton mode the electron
transport is indicated in the figures by the red magnets. slihsequent positron transport is then
indicated by the green magnets.

The specifications for the positron production target are comparabldess demanding than
performance already demonstrated by the Stanford Linead@olSLC) positron source. [9] Table
2.3.2-5 lists the parameters for the SLC positron target and fdardpet for all three of the above
injector topologies

. . Figure Eight

SLC 94 Copper Linac SC Linac Synchrotron
Electron Drive Beam
Energy (GeV) 30 4 3.3 0.5
Pulse Charge (nC) 5.6 2 4 20
Pulse Width (us) Single Bunch 2 4 2

: 60

Repetion Rate (Hz) 120 30 30 (Linac freq)
Beam Energy/Pulse (J) 160 8 13 10
Avg. Beam Power (kW) 20 0.24 0.4 1.2
Positron Yield/e- 2.4 ~0.1 ~0.1 ~0.01

Table 2.3.2-5.Positron Production Specification for eRHIC accatier injector and SLC94 .

For the two recirculating linacs (copper and superconducting) thk ekectron current can be
increased from 100 uA to ~1 mA to compensate for the lower electron enéwpgdtre production
target. This still results in much lower pulse energy and averager than was achieved at the SLC.
A positron yield of 0.1 per incident electron could then deliver theesaverage currents as when the
eRHIC injector operates in the electron mode. The 500 MeV linactanj@f the figure eight
synchrotron could compensate for the lower energy of the eledtioe beam by running at macro
pulse currents of 10 mA and a slightly higher repetition rate of 60 Hz.

Summary

The design of a 5-10 GeV eRHIC injector accelerator for relestand positrons is a tractable
problem. The three distinct architectures described above mayeell time needs of the eRHIC
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physics program. Five important questions that must be addressed totkhtachoice of injector are
listed below:

1) How will the reliability and operability of each injector @ft the performance of the eRHIC
program?

2) To what degree will the figure eight synchrotron maintain thetrele polarization during the
synchrotron’s acceleration?

3) How best can positron production and acceleration be integrated inipeacenducting
recirculating linac?

4) Will this injector serve other functions on the Brookhaven site in aditb e-/e+ injection
into eRHIC?

5) What are the costs of each injector system?

Future work that will help address these questions includes:

1) Development of an operational model for the eRHIC collider complex

2) Computer simulation of the polarization behavior in the figure eight synchrotron

3) Development of a consistent cost model for each of the considered injectors.

4) Detailed integration of positron production and acceleration for eactheofconsidered
injectors.

The guiding principle for the eRHIC injector should be to develomjactor which will not limit the
physics performance of the eRHIC program and will delivex performance with the least cost and
most reliability.
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2.4 Electron Storage Ring

In this chapter we describe the physics design of the eledmgnof the eRHIC collider. The
performance goals of the ring are summarized based on the pleguesments outlined in chapter
1.1 and the expected performance of the existing RHIC collider ptexha.2. We first discuss the
choices of main ring parameters and major technical approathes a preliminary ring lattice
design is presented as a baseline design. Following the desigm,sbeam dynamics topics are
discussed, including beam collective effects, beam-beam physicgotardzation issues. The RF
system is discussed in the final section. The choice of R&mmders and technology has a strong
impact on ring performance, technical risk, and cost.

The scope of the eRHIC physics experiments is very broad, Fiestextent of center of mass
energies that the experiments intend to cover, and then the widty \drieadron species that will
collide with the electron or positron beams require a collidéh \an unusually wide range of
operating parameters. The electron ring is required to hargeaénergy operation range: 5-10 GeV,
and the electron beam emittance is required to change by hmreote order of magnitude to
maximize luminosities in collisions with various hadron specieadiftédrent energies. Another major
feature of this design is that the electron (or positron) beast be highly polarized. Section 2.4.6 is
devoted to polarization issues. These ring design features agedifterent from both the existing
e'e colliders PEP Il [1] and KEKB [2], and from the existent lepton-hadron collider HBRA

The electron ring design as part of the eRHIC project rhassite-specific to the existing RHIC
facility. RHIC is a well-established ion collider and has dl wefined upgrade path. The electron
ring will be built in a separate tunnel from the RHIC tunnel, vaitbifferent circumference. This
gives the electron ring designer the freedom to choose approatiate structure and parameters
that are best matched to RHIC, enabling much higher luminosityr @atidef the many collision
scenarios than the existing collider and fixed target faslitan provide. The nominal design
luminosity for collisions of 10 GeV electron on 250 GeV protons 16-10°° cm’s™.

It is clear that to accommodate all of the physics requiresnéamting flexibility must be embedded
in the design from the outset, rather than as a future upgradesedomd design criterion is
operational reliability, which has proven to be extremely importathe successful e+e- B-factory
projects. Reliability means uninterrupted operation and high ineghraiminosity. Each of the
important technical approaches and choices must be decided within tetaointts impact on
reliability. A number of straightforward but essential measwaes adopted to ensure reliable
operation. Two important features are full energy injection pbélarized electron beam, allowing
top-off or continuous injection with instant polarization and quick recofrery catastrophic beam
loss, and sophisticated closed orbit correction schemes with a&eldrspgan position monitors and
correction capacities to insure high equilibrium polarization.

2.4.1 Design Overview

The primary goals for the electron ring design are shown i tald.1-1. These goals must be
achieved with adequate beam lifetime and acceptable detectordanttg. In addition, to maximize
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luminosity over the wide range of collision scenarios with diffeient species, the normalized
emittance must be adjustable by an order of magnitude over the range of degiggsen

Peak luminosity for 10 GeV e on 250 GeV p *1010° cmi“s*t
Longitudinal polarization > 70% at IP
Average current 0.45 Amp
Electrons per bunch 10"

Number of electron bunches 120

Energy range 5-10 GeV
Polarized positron energy 10 GeV

Table 2.4.1- Primary goals for electron ring design.

The key features of the baseline ring design are:

Flat beam, head on collisions.

High emittance ratio of the elliptical electron beam at the IP.

Anti-symmetry solenoidal spin rotators in the IR straight, purgitadinal spin at 8.5 GeV.
4% reduction at 10 GeV and 20% reduction at 5GeV.

Flexible FODO arc structure for electron beam emittancasadgnt. Wigglers or super-
bends to increase synchrotron radiation damping for higher beam-beanshift limits at
low energy.

Electron path length adjustments up to 0.2 m.

Adequate vertical closed orbit correction capacities for high beam equntifpolarization.
Full energy, polarized electron beam injector with flexible bunchutach filling capacity.
Feasible for top-off and continuous injection.

Reliable high power RF system.

Low field solenoids around the ring to suppress electron-cloud effect for positon bea
Low-photodesorption, low impedance, high radiation power resist vacuum chamber.
Feed back system for suppressing multi-bunch instability.

Provisions for longitudinal polarimeter operation in the IR straight.

The electron ring will be located either at the RHIC IP12Pgr Ibcation, as described in section 2.2.
The ring circumference is chosen to be one third of the RHIE Tihis length is an optimum based
on balancing the requirements from the length of the interacegmom, the arc length and
mechanical structures considering the range of electron beadtarer®, the synchrotron radiation
wall power density, and the beam self polarization time at 10. Gb¥ self polarization time at 10
GeV is important because, although the electron beam is genesatadpblarized full energy
injector, the positron beam still depends on self polarization. Costipatiom is always a major
factor in the ring circumference consideration as well. Theeestill concerns about the possibility
that coherent beam-beam effects could comprothisgerformance of any collider with unequal-
circumference rings [4]. This is under active investigation mode discussions on this topic are
presented in section 2.4.5.

The e-ring RF frequency must be a harmonic of the colliding éecyiwhich is varied from ~28.15
MHz to ~28.13 MHz depending on the ion beam energies (ion velocity vadaiihe RHIC RF
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frequency (~197 MHz) is thé™harmonic of the colliding frequency. It is not necessary to ntake t
e-ring RF frequency a harmonic of the RHIC RF frequencyhéti RF frequencies are preferred for
technical reasons as described in section 2.4.7. It is also not pégsiée the ring RF frequency a
precise sub-harmonic of the linac frequency (either S-band at 2886dviL-band at 1300 MHz)
and the harmonic of the colliding frequency at same time. Tdds @omplication to the timing
synchronization of the injector, which must provide a flexible buntindipattern to the ring. The
timing system synchronizing the beam source to the ring is discussed in tha isgetion 2.3.

A major technology choice is whether to use room temperature rc&fpetructures or to adopt
superconducting structures, which have made rapid advances inyeaent Both technologies are
now mature [5] [6] and proven in user facilities. The cavities m atsSLAC at 476 MHz or the
KEKB 508 MHz cavities with modifications are both suitable canésla@turther investigation of the
reliability and cost of each system is required before a choice is made.

Figure 2.4.1-1 shows the quasi race-track e-ring layout in aletbtscale. The general layout of
eRHIC is presented in chapter 1.
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Figure 2.4.1- Electron ring layout

The main ring parameters are listed in Table 2.4.1-2. The nominanpters are specified for
collisions of 10 GeV electrons on 250 GeV protons with the provision odll@laoperation of two
other hadron beam interaction regions. The goal luminosity ¥108° cm®s. The proton ring
parameters are also listed to give a set of self consizieameters and appropriate luminosity value.
The 16° cmi®s® luminosity is not yet been reached (~50% less) with the preRerglon design and
electron beam parameters in the table. Further design cotisiderdor higher luminosity are
detailed in section 2.4.2.
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Electron Proton
Energy E ed 10 250
Circumference, C [m] 1277.948 3833.845
Arc dipole radius [m] 81.02
k=gy/ex 0.18 1
Ko=cYyloX 0.50 0.50
Nominal emittance(ionk, [Ttmm mrad] 15.0
Emittancs ex [nm.rad] 53.0 9.4
Emittancs ey [nm.rad] 9.5 9.4
Beta function at IP x,[3x* [m] 0.19 1.08
Beta function at IP  ypy* [m] 0.27 0.27
Beam-beam parameter ¥x 0.029 0.0065
Beam-beam parameter §y 0.08 0.0033
RF frequency (Warm/SC) [MHZ] 478.6/506.7
RF voltage [MV] 25
Bunch lengtho, [cm] 1.17
Number of bunches 120 360
Bunch separation [ns] 35.52 35.52
Particles/bunch 1.00E+11 1.00E+11
Total current [A] 0.45 0.45
Synch. rad, Loss/turn [MeV] 10.92
Linear radiation power density [KW/m] 9.68
Damping time (x/s) [ms] 7.2/13.6
Luminosity £ [cm-2s-1] 4.4E+32

Table 2.4.1- ZNominal Machine Parameters
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2.4.2 Luminosity Considerations

The general luminosity expression for a lepton-hadron collider, ifcttiding beams are totally
overlapped at the interaction point, is:
L - FNN, (2.4.2-1)
4no,o,
Where K is the colliding frequency, Ns the number of ions per bunch il the number of electrons
per bunch, andy andoy are the rms transverse beam sizes.

If we assume equal beam-beam tune shift limitdo@ih transverse planes for each of the hadron and
lepton beams, then the luminosity expression imseof linear beam-beam tune shifts can be written

as [1]:
E (L+K)°
- reri cyeygf ﬁ ﬁ ke k2
( ) (2.4.2- 2)

=§ Fcyeyiggea-l xae xke

e'i

Where

& or IS the beam-beam tune shift limit for ion beanelectron beam
[ represents the betatron function at the interaqimnt

€ is the ion or electron beam geometric emittance

Ke = €ey/€e x IS the electron beam emittance ratio

k=o,/0xis the beam aspect ratio at IP.

o’ is the beam angular amplitude.

In the above expression, we also assumed thahthles beam size is in the vertical (y) direction
and ke/k1, then the dominant linear beam-beam tune shiftdiare:

io= . N, 1
217 ye (+k)
(2.4.2- 3)
r.Z N, 1

S = o e @K
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The classical radius of the ion is:

' A dEy M P
where Z is the atomic number, A is the atomic nrassber, and Mis the mass per nucleon. The r
value for proton isy= 1.53x10"° m, for gold k,=49.0x10'® m, and &2.82x10" m for electrons.

(2.4.2- 4)

Equation (2.4.2-2) is equivalent to equation (Inl¥ection 1.2.3 except writing parameters relevant
to luminosity limitations more explicitly, i.e. ihading the electron beam emittance ratio and edectr
beam emittance instead of electron beam vertioglilar amplitude which does not reach the actual
aperture limit in our cases. Our luminosity diséoisshere will be focused on collisions of 10 GeV
electrons on 250 GeV protons, as this is the pgrdasign feature. Other collision scenarios will be
discussed accordingly.

Colliding frequency
The colliding frequency is limited by the achiev@tRHIC bunch number. It comes as a RHIC
machine operation and upgrade limit (section 3a&)q it is also raised as a minimum bunch

separation requirement from the detector desige.nidminal colliding frequency is 28.15 MHz.

Applied to collisions of 10 GeV electrons on 250vGeotons we have:

£, k (L+k

L = 429x10%§ &,0,, 2 4 [cm™s™]
& =o1axigoNe 1 (2.4.2-5)
' & (@d+k)
N. 1

£, = 229x107%
Y £, k. A+1/k)

Round beam or flat beam collisions and IP magnet aperture limits

Round beam means equal beam sizes in both traesdieestions for both lepton and hadron beams,
and equal beam emittances in both transverse idinsctor lepton beam (the ion beams are always
supposed to have equal emittances in transverses)pés well. The luminosity of a round beam
compared to a flat beam with tkame beam angular sizes at thei$Phigher due to equal beam-
beam tune shift in both transverse plans. Fromtemqua.4.2-5, compare to flat beam collisions with
reasonable beam cross section ratio and lepton bmarttance ratio, say k0.1, k=0.5, the
luminosity can be four times higher for round beaadtlisions. A realistic interaction design in
chapter 4 has described a small horizontal andjatérof 93 prad for the hadron beam. This means a
relatively larger horizontal cross section. To grthe luminosity up, the vertical cross section toas
be small. However, the minimum vertical beta fumctamplitude at IP of the ion beam determined
by the ion bunch length sets the lower limit of beam cross section ratio which is about 0.5 ig thi
design.
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The second fundamental problem for round beamsootis comes from electron beam polarization.
The electron beam is flat in nature in a storagg.rA round beam can be created by strong coupling
between transverse planes or introduction of acarsynchrotron radiation mechanism to generate
vertical beam emittance. As the bending plane rzbntal and the beam spin closed orbit direction
is vertical, both methods can end up depolariziegiieam resulting in lower equilibrium polarization
[2]. We will concentrate on flat beam collisionstims report.

Electron beam emittance ratio

The lepton beam emittance ratio shown in equat@ds2-2 and 2.4.2-3 is an important design
parameter that requires further exploration. Hat lbeam collisions, when beam-beam tune shift
limits can be reached for both beams, the lumigasidreases linearly with the emittance ratio @& th
lepton beam. This statement is valid as long asptbéon bunch intensity is not a limit (equation
2.4.2-3).

For an accurate evaluation of how luminosity isied to the emittance ratio, we must impose limits
from the IR design and minimuft values (see following bunch length discussiong t&ke the e/p,
10 GeV/250 GeV collision as an example. In tab#e221, the minimunf* is set to be 0.19m, and
the resulting electron beam-beam tune shift limi0i08. The IR magnet aperture limits are set from
the IR design:Bix*=1.08m, 3;y*=0.27m, =15 nm. No proton beam intensity limit is impos&tie
electron bunch density is set alD'* electrons per bunch.

A significant luminosity gain from very low emittea ratio to the balance point of.25, where
Bex*= Bey=0.19m. Further increase ot kill requires very low electron beam emittancentatch
the low proton beam emittance and does not hellosity. The proton beam intensity has to follow
up in the sensitive luminosity improvement regikg=0 to 0.25).

The parameters in table 2.4.2-1 are generated fpeaial IR design and3* limit. But we can
conclude that luminosity performance is sensitivéepton beam emittance ratio in @arenge from
very low up to some value (here 0.25) dependingpetific IR design (magnet aperture limits) and
* limits. However to manipulate (increase) electdo@am emittance ratio and to maintain high
polarization level at the same time can be difficul

Ke= €ox Bex* | Bey* Protons (1&) €x &y |L 1e32
ge,yke,x | (nm.rad)| (m) (m) per bunch (cmi®s?
0.1 54 0.19 0.47 0.57 0.01®.08| 2.5
0.15 54 0.19 0.31 0.85 0.0249.08| 3.8
0.18 54 0.19 0.26 1.0 0.029.08| 4.5
0.20 54 0.19 0.23 1.13 0.032.08| 5.0
0.25 54 0.19 0.19 1.41 0.04 0.p8.3
0.30 45 0.23 0.19 1.41 0.048.08| 6.3
0.5 27 0.38 0.19 141 0.08 0.08.3

Table 2.4.2- 1 Lepton beam emittance ratio vs. luminosity

As an example, HERA operation has reached a beattaroe ratio (coupling) of 10% with a beam
cross section aspect ratio of 1:4 and electron beatarization of 60%. They are currently
undergoing a luminosity upgrade that aims at achge¥7% coupling with similar beam aspect ratio
and ~40% smaller beam cross section. The upgraebgected to increase luminosity by a factor of
3.5 while maintaining high electron beam polarizatiFinal results of HERA upgrade are yet to
come. Comparing the present design to HERA, then miifierence is that the electron beam energy
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is ~1/3 of HERA. The spin resonant strengths arengty dependent on beam energy, so the
challenges at eRHIC should be manageable compaiteERA.

There are ideas [5] and an experimental demonstr§i] of transformation between a round beam
and a flat beam using a beam “emittance adaptbis of great interest to have an experimental
investigation to see whether this could be apdied circulating machine. It is especially intdneg

to establish whether it could work near the IP @agivhere the spin is nearly longitudinal. The goal
in this study is to increase the electron beamtange ratio without depolarizing the beam insteflad o
making a round beam.

Zero crossing angle

Introducing crossing angle can ease beam separ@atidrsynchrotron radiation fan problems [3]. A
crab cavity would be needed for the hadron bearavtmd luminosity loss [4]. However, the RF
voltage of such a crab cavity for the proton beanthis application would be too high, and is
technically unrealistic. Therefore, this optioreicluded.

Beam-beam tune shift limits

Beam-beam tune shift limits can be reached for begiton and hadron beams in the eRHIC collider.
The lepton beam intensity in particular can be mhigiher than HERA due to the lower operation
energy, and this will drive a higher beam-beam wim# for the hadron beam.

The beam-beam tune shift limit assumed in this nteigd).0065 for ion beams (per interaction point
of three interaction points) and is 0.08 for thptdm beam. They are based on RHIC upgrade
parameters [7] and achieved parameters at PER-EY@n higher lepton beam-beam tune shift limit
could be reached if beam loss can be compensatedriiyuous injection [9]. However, the beam-
beam limit for this machine may be different frootibthe ée colliding B factories [10] and the ion
collisions in RHIC. More discussions are presenteskiction 2.4.5.

Beam intensity

The nominal design beam current in the electrog i8r0.45 A. The major concern generated by this
average current is the linear power density ofdyxechrotron radiation at 10 GeV. However, this
design average current is rather moderate comparexisting B-factories. The number of electrons
per bunch, 1*1#, is high compared to other rings. For examplerel & per bunch achieved in the
PEP Il Low (3.1 GeV) and High (9 GeV) Energy Rirsge 0.5%10" and 0.&10" respectively (peak
performance, 2.43A and 1.38A, 1317 bunches [8]g [Bing bunch length and large bunch spacing in
the eRHIC e-ring will permit higher limits for bumacharge. The single-bunch charge instability
threshold is discussed in section 2.4.4.

The ion beam intensity limits have been definedugh RHIC operation. The nominal limit of the

number of protons per bunch is ~ 1*10and is 1*18 for Au. Both beam intensities are key
adjustable parameters in optimization studies iigindr luminosity.
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Beam emittance

Electron emittance should be adjusted to matchothndeam for maximum luminosity. However, the
electron beam emittance is a parameter of thelatiige, and is proportional t¢. For example, if
the electron beam is run at 5 GeV instead of 10,Gb&h to match the same ion beam the lattice
should be adjusted to provide an emittance fouesidarger than that for 10 GeV. In the present
design, the emittance can be varied from ~40 n#8&D nm (at 10 GeV). At low energy (5 GeV), an
“emittance wiggler” may be needed to further inseethe emittance.

The ion beam emittances are well understood thr&giC operation. The normalized proton beam
emittance isgj,=15 pm-rad. By RHIC convention, the geometrical teance isgj= &, /(61(BY)))
which is 9.4 nm at 250 GeV. And the normalized Aeamm emittance is 6 pum-rad with electron
cooling, corresponding to 9.4 nm geometrical emdéat 100GeV/J.

Beta function at IP and bunch length

Low B* means small cross section at IP and higher lugiiies. However, the relatively long ion
bunch lengths have set limits to minimysh values. The constraint iB* < o, in order to avoid
reduction of luminosity by the hourglass effect][Ilhe minimum proton bunch length in RHIC is
~13 cm, according to the limit of cryogenic powead of 0.5 W/m for 1 protons per bunch.
However for 250 GeV proton beam, the bunch lengthomt cooling is about 25 cm. The electron
bunch length is only ~2cm, much less tHayt at IP, and is not an issue itself. Big* is subjected to
the hourglass effect while traveling through theglgroton bunch. A low limit of 19 cm f@.* is
set, corresponding to luminosity reduction of Iésan 10%. More simulations will be done to
evaluate possible lowe.* values.

Further Improvement of Luminosity Performance

The luminosity value listed in Table 2.4-1 is 0.48* cmi’s? for the collisions of 10 GeV electrons
on 250 GeV proton. To reach this goal requires ages to the existing RHIC collider, and the
design of the electron machine may require furttearelopment. These are the major topics of this
report. Here we discuss further ideas for achieviigiper luminosity of 1*18 cmi®s? or above with
the ring-ring collider option.

From equation (2.4.2-2) and (2.4.2-3), there aneers¢ parameters that the luminosity is very
sensitive to, including3*, the emittance ratio, and beam-beam paramet@rsis limited by ion
bunch length. The emittance ratio effect is sensiwithin a certain range as discussed above. The
actually achievable value of emittance ratio withhhbeam polarization is not yet clear. The elattro
beam-beam parameter could be higher if continudestren beam injection can compensate for
higher electron losses due to higher beam-beamstuifte And the proton beam-beam parameter can
be higher if there is only one collision point. Hover all these sensitive improvements require
higher beam intensity.

To make the case for the above arguments, we pgrésentables similar to our nominal design
luminosity and basic parameter tables in sectidh31.Table 2.4.2-2 lists two sets of higher
luminosity operation parameters for e-p and e-Allistons at 10 GeV electron beam energy. The
main difference between these sets of parametersh@nnominal design values are the beam-beam
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parameters, and the bunch densities. In table-2,4tRe hadron beam beam-beam parameter is set
1.5 times higher in light of electron-ion collis® only operation scenario. This change requirés 1.
times higher electron beam intensity. Also, theirojation of other parameters and a possible
increase of lepton beam beam-beam parameter by 2afire a similar increase of hadron beam
intensity. At this point, from discussions in seaqti2.4.4 and 3.3, it should be possible to rundrgh
bunch intensities for both electron and ion beams.

A significant challenge to meeting the higher irsignrequirements is that they are required in the
high electron energy range. The linear radiatiowgyodensity will be increased to 14 kw/m at 10
GeV for beam current of ~0.65 A. While challengitige vacuum chamber under such radiation
power levels is still technically feasible basedresults from R&D for B-factory upgrades.

EnergyE [GeV] 10 250 10 100
k=gey/ex 0.18 1 0.18 1
Ko=oy/ox 0.43 r 0.43 0.43 0.43
g, (ion) [tmm mrad 15.0 6.0
Emittancs é&x [nm.rad] 54.0 94 54.0 94
Emittancs ey [nm.rad] 9.7 F 94 9.7 94
BX* [m] 0.19 108 0.19 108
BY* [m] 0.19 0.2 0.19 0.2

X 0.042 0.0095 0.033 0.0095
3% 0.1 0.0041 0.08 0.0041
P articles/Bunch 140E+1]  141E+0  138E{11 143ER09
Luminosity £  |[cm?s™] 10E+33 10E+31

Table 2.4.2- 2Parameters for higher luminosity--high electroaresnergy.

Table 2.4.2-3 is for low electron energy (5 GeVheTtable uses the same higher beam-beam
parameters and shorter ion bunch length as apj#icibe electron emittance ratio used is slightly
higher (0.25) in light of the weaker spin resonasittengths at lower electron beam energy.

The beam intensity requirement for the ion bearageaxed due to lower electron beam beam-beam
parameters in lower electron beam energy operatibare less synchrotron radiation and less
damping are expected. However, the demand fogleehiintensity electron beam remains when the
ion beam energy is high. At very low ion beam egeay much larger electron beam emittance is
required to match the proton beam with large geooattemittance. The very large electron beam
emittance will be difficult to produce with normBODO arc lattice without the help of wigglers or
super-bends. The low energy operation will be dised in the lattice design section.
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08

Electron Proton || Electron Au
Energy E [GeV] 5 50 5 100
k=gylex 0.25 1 0.25 1
Ko=oylox 0.50 0.50 0.43 0.43
g, (ion) [rtmm mrad] 5.0 6.0
Emittancs ex [nm.rad] 130.0 15.6 56.0 94
Emittancs ey [nm.rad] 32.5 15.6 14.0 9.4
Bx* [m] 0.22 1.86 0.18 1.08
By* [m] 0.22 0.46 0.13 0.2
Ex 0.025 0.019 0.029 0.0095
&y 0.050 0.0094 0.050 0.0041
Particles/Bunch 9.74E+1p 1.07E+}j1 1.38EHl1 6.42E
Luminosity £ [em?s™] 1.6E+32 4.5E+30

Table 2.4.2- 3Parameters for higher luminosity -- low electr@ain energy

To summarize, we note that critical steps forwarel immprovements in IP region design, RHIC
upgrades to permit higher ion beam intensity, ahdrter bunch lengths to generate higher
luminosity. From the electron ring side, higher rbeatensity and higher emittance ratio for
polarized beams are essential. The immediate tasthé electron ring design team is to explore the
feasibility of higher beam intensity operation. Theal is 1.4x18 particles/bunch and ~0.65A of
average current at 10 GeV. Many of the technicaksyspecifications need to be verified to achieve
higher beam intensity operation. An R&D plan taerstand and realize higher emittance ratio for
highly polarized electron beam is under development
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2.4.3 Lattice Design

The electron ring has a quasi racetrack layout. arfitesymmetrical spin rotator arrangement in the
IR straight makes the “straight” section a zigzag,| as is the utility straight on the oppositeesid
the ring. See Figures 2.4.1-1 and 2.4.3-5.

The lattice design must meet the following criteria

- Energy range: 5-10 GeV.

- Beam emittance range: ~40-60 nm.rad at 10 Ge\-9850m.rad at 5GeV.

- Adequate damping rate regarding beam-beam blow up.

- Good dynamic aperture for all lattice configurason

- High equilibrium polarizationX70%) and longitudinal spin at IP.

- Reasonable self-polarization time at 10 GeV.

Arc Lattice

The two 188 arc sections consist of regular FODO periods Wifipersion suppressors at each end.
The rationale of choices for each of the basicipatars is discussed below. Figure 2.4.3-1 shows the
lattice functions for one arc section.

The dipole bending radius

The design dipole bending radips is ~81m. Synchrotron radiation wall power, eleotenergy
loss per turn and self polarization time at 10 Ge¥ concerned in choosing the appropriate bending
radius.

For constant bend radius, the synchrotron radidtnear power density is

4
Piear (KW/m) =14.08 E (Gze\/)l (A _ 9.7 kW/m (2.4.3-1)
p~(m)

For nominal stored current of 0.45A, the maximunwveodensity is ~10 kW/m. At this synchrotron
radiation (SR) power density level, the technoleda the vacuum chamber are mature [1]. Vacuum
chamber technology developed for higher SR powasite (~20kW/m) is of interest as we may go
for higher stored current. Increasing the bendadjus to reduce SR power density is also an option
in future lattice design.

The energy loss per turn and total synchrotrorataxh power at 10 GeV is
4
P(MW) =U,(MeV) * | (A) = 0.0885% (isomag.) =10.9(MeV)*I(A) (2.4.3-2)
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Need enough RF gap voltage for beam life time amdern of RF system cost.

A reasonable self polarization time at 10 GeV withase of wigglers is
99R (MY’ (m)

T.. (Sokolov— Ternov sec.) = 22 minutes. 2.4.3-3
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Figure 2.4.3- 1Layout and optics functions of the arc

] Emittance vs. phase advance per cell
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Figure 2.4.3- 2The natural beam emittance vs. phase advance [feOFe@ll.

eRHIC ZDR 52



Chapter 2: Electron Beam

Number of FODO cells and cell length

The number of cells is 84, and cell length is 1h86rhe emittance can be written as [2]:

E’[GeV]

£ =F(,,lattice) 3

mrad (2.4.3- 4)

X Cc
We choose Nto put the beam’s natural emittance in the prapege. The natural emittance vs.
phase advance per cell of this design lattice §3hown in Figure 2.4.3-2. There should be enough
space in a cell for magnets, instrumentation, aaeiym components, and the arc length must fit the
ring circumference.

FODO cell betatron phase advance

The horizontal phase shift per cell is used asmaittance adjustment knob. It can be varied from 30
to 80 degrees. The vertical phase shift per celsdmewhat fixed: 80at low and moderate
emittances, and ~3Cfor very large emittance. The fixed phase shift pell facilitates vertical
chromaticity correction sextupole grouping for pErtancellation of second order aberrations from
these sextupoles.

Low energy operation with damping wigglers or with super-bends

At 5 GeV the synchrotron damping time is 8 timesger (~ 60 msec.) compared with 10 GeV

operation. This has significant impacts on the nreciperformance, (e.g. the peak and integrated
luminosities) since the beam-beam tune shift istéichby intensity dependent beam-beam blow-up.
The beam-beam parameter is a function of the dagptpire [4]:

&8 = f[A,]= f t (2.4.3- 5)

frev D- Ij-]IP
whereg,” is the beam-beam parameter before beam-beam lgpwisithe transverse damping time,
and ne is the number of interaction points. From expenial data, it is suggested that

E8 QA0 (2.4.3- 6)

The damping decremeh is proportional to/® in an isomagnetic field ring. For the eRHIC elentr
ring, the expected beam-beam tune shift limit Wwél reduced by a factor of 2 as the energy drops
from 10GeV to 5 GeV.

The injection rate at 10 GeV can be 50 Hz, butthikices to ~5Hz at 5 GeV limited by synchrotron
radiation damping.

There are two options to increase the synchrotamping to deal with these problems. One of the
options is to install damping wigglers. When wiggladiation is dominant, the vertical synchrotron
damping time is:

Clm]
E[GeV]B;[TIL,[m]
where B is the maximum magnet field in the wiggler, is the wiggler length C is the ring
circumference, and E the electron beam energyekample: asking for of ~25ms at 5 GeV will
give a beam-beam parameter reduction of 30% insé&®% from the value at 10 GeV. From
equation 2.4.3-7, the damping wiggler will be 25nriength with peak field of 2 Tesla. With the

r,(m9 =1052 (2.4.3-7)
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wiggler the injection rate should reach 13 Hz. Awotbenefit of using the wiggler is that it incress
the beam emittance at low energy, reducing theimedjuange of phase advance in the FODO cell.
This will be important for very large emittance @8lnm at 5 GeV) when FODO phase adjustment is
not enough to increase the emittance. The chaltepgsed by installation of the wiggler include high
synchrotron radiation power, about 700kW in a narfan of ~100mrad angle, and other unwanted
effects on beam optics such as increased momerjteads The merits and disadvantages of using
damping wigglers for the low energy operation néede further evaluated. The CESR collider
lower energy upgrade is based on using dampinglengd5]. There are comparable machine and
operation scenarios between CESR and eRHIC e-owgehergy operations. Therefore the CESR
operation can provide useful design and operatiqqergences to the decision making of the e-ring
damping wiggler option. The damping wigglers canldiated in the short straight section in the
dispersion suppressor sections that have misspaedi. Local dispersion there is not zero, leading
to a desirable increase in emittance growth froemtigglers. The local Twiss parameters are shown
in Figure 2.3.4-3.

Another option is to redesign the ring bending netgon be like a “super-bend”. The super-bend
magnets in the original self-polarizing electromgridesign [6] are used to provide short polariratio
time at low energies. Here the 'radiation’ superdbeill be made of three separately powered short
bends. The total effective length of these thremlés is equivalent to the 3m long arc dipole & th
nominal machine design. The magnetic field of ¢bater dipole can be 50% higher than the outer
ones. At low energy, this allows the outer oneddoturned off and leave the center one on. The
bending radius of the short center bend will be 2Far such a “super-bend” configuration, the total
radiation at 5 GeV for 0.5A is 1 MW, three timesteg than the 0.34 MW for the nominal design.
This radiation power is comparable to the 1.04 M\iaton power of the above described ring with
damping wigglers (1.04 MW). The transverse dampimg will be 21 ms. The “super-bend “ design
avoids the complicated wiggler insertions, but mse complicated designs for the arc magnets and
vacuum chambers all around the ring. Further coispa of the two options will be based on their
effects on optics and beam parameters, techniasilféity, operational flexibility and cost.
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Figure 2.4.3- 3The dispersion suppressor: arc to IR.

The Interaction Straight

The interaction straight has the most complex spfitie major subsections are the interaction region
detailed in Chapter 4, and the antisymmetric sotespin rotators described in sections 2.4.6 and
4.4. Figure 2.4.3-4 show the layout of this straigh

The spin is designed to be pure longitudinal at@ed. At that energy, the horizontal spin rotation
angle is 90 degrees from the end of the solendidedP. The corresponding horizontal orbit bending
angle is ~4.7 degree. There will be 4% reductiohoafjitudinal polarization at 10 GeV and 20%
reduction at 5GeV. The anti-symmetric horizontahgptation bends at either side of the IP consist
of six dipoles. Three of them are combined funttisagnets near the detector which also serve as IP
beam separators. A small reverse bend dipole (BRfigure 2.4.3-6) is arranged to facilitate
longitudinal polarimeter installation (actually, lprthe one downstream of IP exactly serves that
purpose). Then two identical dipoles (BR) comptaterequired rotation.

The lattice optics near the IP has to be adjustedaccommodate various beam sizes (different
combination of3* and beam emittance) required for different cadis scenarios. It is important to
keep the peak betas at the IR region quadrupolesdaeduce chromaticity to begin with. Another
import issue is spin transparency. We leave tratudision to section 2.4-6. Figure 2.4.3-4 shows the
IR optics forf3*«y=0.19/0.27m. The maximuffunction amplitude is only ~55m.
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Figure 2.4.3- 4IR optics withB*,,= 0.19, 0.27m
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Figure 2.4.3- 5Interaction straight layout

In Figure 2.4.3-5, the IP coordinate is (0,0). Qetbcircles indicate solenoid locations of the spin
rotators. There are six horizontal spin rotatiopotks on either sides of the IP. They are labeted a
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BR, BR, BRp, and QS1-3. QS1-3 are combined fundbeam separation bends. BRp reverses the
deflecting direction. The BRs are normal spin liotabends.

Compensation of the x-y coupling effects generdigdthe detector solenoid field is one of the
important issues in designing the optics aroundRheThe detector is expected to have a maximum
solenoid field of 2 Tesla. The plan is to use bogksolenoids to cancel the integrated field around
the IP. The merit of using bucking solenoids indted skew quadrupoles is that this works for
particles of any energy, and the bucking solenoasdd be placed around the beam pipe insider the
detector. Detailed design is still under way.

The Utility Straight

This “straight” has similar zigzag geometry as lRestraight. The injection section is in the middle
of the straight. On both sides of the injectiontiem are the two achromats that somewhat resemble
the asymmetry layout of the IR region and faciitahg closure.

The two straight sections connecting the centet glathe utility straight to the arcs are used for
fractional tune adjustments for ring operation. Tdmical structure of the two fractional tune
adjustment sections are basically FODO cells. Time tadjustment range with the two sections is
about 0.1, good for small adjustments in operation.

The RF cavities will be located in these two fradl tune adjustment sections. For example, in the
copper RF cavity design option, there will be 28itt@s powered by 14 klystrons. Each two cavity
structure has a physical length of ~3.0m. Figu#e326 shows half of the utility straight and the RF
cavity locations.
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Figure 2.4.3- 6 Optics of the Dispersion suppressor from arc-tf@ight and the fractional tune adjustment and RF
section. Circles: RF cavity locations.
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Electron Beam Path Length Adjustment

Table 2.4.3-1 lists the path length adjustmenthef ¢lectron ring for matching to different proton

beam energies. The required path length change is 0.9 m if the lower end of the proton beam
energy is 25 GeV. This length adjustment is lange ia difficult to achieve in a conventional way.

However if the low end of the proton beam energplsGeV, then the path length adjustment is
0.2m, a much relaxed requirement.

Proton Proton Colliding | Electron | Electron Electron | Electron

Energy bunch frequency | ring RF bunch beam path| beam path
spacing in| (MHz) frequency| spacing length length
time (ns) (MHz) (m) (m) changes

(m)

25 35.5471 28.1317 478.238 10.6568 1278.8[112  0.8919

50 35.5283 28.1465 478.491 10.6511 1278.186  0.2161

100 35.5237 28.1503 478.554 10.6497 1277.967 0.0473

250 35.5223 28.1513 478.572 10.6493 1277.920 0.0

Table 2.4.3- 1Electron beam path length vs. proton beam energy

The conventional means to change path length is mi&gnetic chicanes in the straights or in the
arcs. The most likely scheme is to make chicandéisararc [7], which saves precious straight sestion
for other usages. There are technical constraihemwnaking magnet chicanes. The first constraint is
the limiting synchrotron radiation power densitprfr a strong bend. The linear radiation power
density from a normal dipole is ~10kW/m at 10 Gekhvd.45 A stored current. We require that the
power density from a chicane dipole not exceed @0nk, so that the special vacuum chamber
technology needed could be obtained from existinfp@&ories. This gives a limit of maximum
bending field about 1.4 times of the normal dip@¢her concerns with the chicane are the cost and
technical feasibility of a particular design.

Figure 2.4.3-7 shows an eight bend chicane in thelais converted from a normal section of 4

FODO cells. To make the largest path length chawige the chicane, the first and the last dipoles
are turned off; the lost bending angles will bekpit up by the six dipoles in the middle. So the
maximum bending field is 4/3 times higher than ieemal dipole. Linear radiation power density is

about 17kW/m. The first and last dipole can beeadrto bend beam in reverse direction to get even
larger path length adjustment, but then the midid®les will have to bend more strongly and the

radiation power density will exceed the limit wevbamposed.

Each such chicane can produce a path length ditferef 8.25 cm. The path length change can be
continuous if precise and reliable mechanical nmotiontrol is feasible. Alternatively one can make a
fixed change by building another beam line whicH e very close to the normal FODO section, in
which case the path length change will be disciBte. cost impact and operation reliability issues
for the chicane choices have to be further evatudthe local optics distortion from such a chicene
shown in Figure 2.4.3-8. The overall effect onriing lattice remains to be examined.

One can activate a number of such chicanes torob&mjuired path length difference. It seems
reasonable to activate four chicanes to get ~20ath fength changes for the 50 GeV proton
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collisions. The total length of the moving sectiamshen about 160 m! And the mechanical motion is
complicated. The cost impact will be significant.

However it will be too costly and very destructieethe normal lattice if ten such chicanes (total 8
dipoles, about half of total arc section) havedabtivated to make the 0.9 m difference.

- R R R

Red: normal FODO Cells
Blue: chicane line

(m -3
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Figure 2.4.3- 7Layout of an eight bend chicane for path lengilustchent.

) N PIUX
IP/UX version 8214 20113 2. 2
HP/UX 8221 V13 211518 20
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Figure 2.4.3- 80ptical distortion of the eight bend chicane. L#fe original 4 FODO periods. Right: the chicapics.

One way to relieve the electron ring path lengtuésis to adjust the proton ring path length a$ wel
[8]. One of the proton rings (YELLOW ring) has tdjast its path length anyway when the BLUE
ring is in colliding with electrons while the twaqion beams keep colliding at other locations at
same time. A comprehensive solution of the patigth changes for all the three rings has to be
further developed.

For a large path length adjustment scheme, thanetiget an easy solution. One attractive option is
to move one of the electron ring arc sections afa@e by 0-0.45m. This option has the advantages
of no impact on lattice, no concerns of extra mégne&mple one direction mechanical movement
and meets all path length change requirements bylarob”. The technical details and cost of such
a “big move” will be carefully evaluated.
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Dynamic Aperture

The criteria of the ring dynamic aperture are setwn requirements: it must be sufficiently large f
efficient injection and a long beam lifetime is uggd under colliding conditions.

Injection takes place in the horizontal plane,s®ihjection point is horizontally displaced frohret
closed orbit. For injection, the transverse apersirould include the injection point and severa rm
beam sizes around it, and the momentum aperturddsbe at least 0.5% of the nominal injection
energy. For colliding beam, the dynamic apertureukh be larger than 16 for both transverse
plans, and the momentum aperture must be at led@st=to guarantee long quantum beam lifetime.
An even larger momentum aperture is desirable lerate effects other than synchrotron radiation
excitation. A larger dynamic aperture is alway®msgly favored. In this report we will take as the
design goal a momentum aperturez0l0 og and transverse aperture 20 o with all machines
errors and under colliding conditions. The dampednb momentum spreaxt of the ring is about
1x10° at 10 GeV and ~0:80° at 5 GeV.

The emittance of the full energy injected electtmeam is usually smaller than the ring natural
emittance. So the10o transverse aperture requirements are good foctioje However, for the
positron beam, the expected emittance at 10 Geld dmuas high as 100 nm-rad if no damping ring
is included in the positron injector system. Moiendation will be performed to see if any
significant beam loss could happen and also tosinyate the effects on colliding beams in such an
operation scenario.

The major cause of reduction of dynamic apertutbasnonlinearity of the sextupole magnets which
are introduced to correct chromaticity in the ri@me can expect that a ring with lower chromaticity
will need less sextupole strengths and therefossipty obtain a larger dynamic aperture.

Modern light source rings implement low emittanc#idas with strong focusing, and consequently
have to deal with strong correction sextupoles tjesterate high negative chromaticity. Achieving a
good dynamic aperture is a major challenge [9]. datlider rings, the arc lattice usually consists o
FODO cells with moderate quadrupole focusing andsphshift per cell. Correction of the
chromaticity caused by the FODO cell quadrupolesealwill not jeopardize the dynamic aperture.
The challenges are to correct the large chromwatggnerated by the strong focusing quadrupoles at
largef locations near the interaction region.

The ideal way to reduce the nonlinearity by theoahaticity correction sextupole magnets is to use
equal strength sextupole pairs that are connectgd-Wwtransformers in both transverse plans [10].
This applies to both local corrections around theahd in the arcs. The noninterleavedrcsll
design for the KEKB rings is a good example. Theinterleaved sextupole chromaticity correction
scheme is difficult to realize here due to limitggshce. Also, as mentioned in arc lattice design, th
horizontal phase advance has to be widely adjustexthieve the required beam emittance. At 10
GeV, it varies from ~60-80 degrees, and can bewsak ~30 degrees at 5 GeV. This makes even a
conventional interleaved scheme (same phase ad¥anbeth transverse planes) not possible. The
vertical phase advance per FODO cell has littleldovith beam emittance. Smaller vertical phase
advance means lowd, at quadrupoles, and less chromaticity. Thereftoelow and moderate
emittance lattices, vertical phase advances amdfixt 60 degrees. Then the sextupoles that are
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separated byt phase difference can be paired to partially cartbel second order geometric
aberrations.

Repetitive geometric correction is also practicedcancel second-order geometric aberrations. It
requires a lattice made of n identical cells (nk8ying a total phase shift of 210]. We have 36
normal FODO cells in each of the P8f@rc section. In the vertical plane, three sextefamilies are
arranged. Then there is a —I transformation foryeteree FODO cells, and this structure repeats 12
times in an arc section. Horizontal sextupoles bl grouped depending on the phase advance per
cell of the specific lattice configuration. Tracgishows that carefully grouping sextupoles accgydin
to lattice configurations give much better dynarhegaertures then using only two fixed families of
sextupoles.

The chromaticity correction scheme in the arc mited by the large emittance adjustment
requirements. However, since we choose the besinseHor the low emittance lattice, the less
optimal arrangement for the larger emittance latt&cnot necessarily bad for the dynamic aperture
because the strengths of the cell quadrupoles ead ¥or this case, requiring also smaller correctio
sextupole strengths. For each of the different tamde lattices, the dynamic aperture situationtbas
be optimized with possible chromaticity correctgmmemes.

Local chromaticity correction schemes for the IRight are under development to solve the problem
at its source. Due to the different colliding saers the3* values of the electron beam at IP are
required to be varied from 0.19 m to 0.35 m. Thealocorrection scheme has to survive over
different IR optics configurations. The space limitthat region also could drive one to consider a
scheme like the PEP Il High Energy Ring beta-beheme for semi-local chromaticity correction

[11] which involved a dispersion suppressor anevadrc FODO cells adjacent to the IR straight.

The dynamic aperture is sensitive to working ptooations in the betatron tune map to avoid strong
resonance lines. The electron ring betatron tuneste- colliders are chosen slightly above half-
integer for high luminosity based on beam-beamcedfgl2]. However, in the eRHIC electron ring,
the tunes have to be chosen slightly above intégehigh polarization. This is because of the
absence of parametric resonances k+1/2 for tharliggin resonances [13]. The best spin tune is a
half-integer spin tune. Therefore the fractionattp®f the orbital tunes should be as far away from
1/2 as is practical to “leave space” around thé imééger spin tune. More details are described in
section 2.4.6.

The linear lattice is designed using MAD [14]. Chatroity correction is first optimized with the
HARMON module in MAD. High order chromaticities andomentum dependent beta function
variations at IP are minimized. Notice that HARMOMNed not count coupling, so small residual
chromaticity exist, and will be further correctededr.

The vertical sextupoles are further divided intga families to facilitate the above process. The
horizontal sextupole family number is also doubl@tdromaticity correction results for tune aifid
are plotted in Figure 2.4.3-9.

The initial dynamic apertures are estimated usingDMA the six-dimensional phase space as well.

However thick lens tracking in MAD uses maps thatrmwt symplectic by nature, and therefore have
to be “symplectified” in order to guarantee energgnservation. This procedure makes them
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somewhat unphysical, and makes long-term trackirgstipnable [15]. We do have concerns about
tracking at the edge of apertures with large syoicbn momentum oscillations. The automatic
dynamic aperture search DYNAP in MAD could give veharp drop of apertures at edge for large
off-momentum particles. Therefore the dynamic aped are further evaluated using the two fully
symplectic tracking codes LEGO[16] and SAD[17] whghow very consistent results when tracking
with large synchrotron motions.

Figure 2.4.3-10 and Figure 2.4.3-11 give the dymaaperture tracking results from both LEGO and
SAD. The resulting dynamic apertures are consistarge momentum aperture of dp/p9.01.

In all the tracking processes, the horizontal emnie is assumed to be the natural beam emittance
and the vertical emittance is half of the naturaiteance corresponding to full coupling. We traok f
1024 turns, including synchrotron motion and dargpifhe 1024 turn circulation time corresponds
to ~0.6 transverse damping time at beam energydBdV. Longer period tracking of 8096 turns
shows very little aperture difference (Figure 2-203. Therefore, we consider the 1024 turn tracking
sufficient to estimate the appropriate dynamic wper Dynamic aperture tracking including all
magnet errors with proper closed orbit correctiand beam-beam effects are still in progress.
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Figure 2.4.3- 11Dynamic Aperture tracking from SAD

Magnet Errors

Magnet errors include both magnetic field errors alignment errors. They reduce dynamic
apertures, change optics, effect beam polarizatioth beam lifetime. Table 2.4.3-1 lists typical

magnet errors and their effects.
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Error Effect
Dipole Field Orbit
Dipole Roll Vertical orbit

Quadrupole Misalignment
Quadrupole Field
Quadrupole Roll
Multipole Fields

Orbit, polarization

Tune, beta and dispersion beat
Transverse coupling, polarizatio
Nonlinearity

=

Table 2.4.3- 2Magnet Errors

The closed orbit errors change particle trajecsotierough nonlinear elements and will cause
detuning. They can reduce dynamic aperture sigmflg. To obtain small vertical closed orbit
distortion is also essential for sustaining higarbepolarization (see section 2.4.6). Therefore ghou
orbit correction magnets and beam monitors witlgadee precision should be planned at the design
stage. The rms deviation of the closed orbit fro design machine orbit should be 0.1 mm or less.
This will greatly reduce the effect of orbit digion on dynamic aperture. Dynamic aperture will be
evaluated under all magnet errors with appropoabé correction schemes in place.

While detailed magnet error tolerance study isthetsubject of this report. We do track with typica
magnet error statistics. In general, tracking vetiors to examine their effect on dynamic aperture,
luminosity and polarization level will provide tinecessary basis for developing various beam-based
tuning procedures. Figure 2.4.3-12 shows the dymaaperture with typical quadrupole and
sextupole field errors: 0.1% for quadrupoles ardd@for sextupoles.
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Machine Parameters

Table 2.4.3- 3 Summary of Machine Design Parantetérs
* Beam current at 10 GeV in the table is twice the nominal design valablen2.4.1-2.
** Path length adjustments are not shown in the table

ZDR 2.0 2003

Electron beam energy 10GeV 10GeV 5GeV 5GeV

lon beam energy p 250 GeV | Au100GeV/u = p50GeV  Au 100 GeViu
Circumference(m) 1277.95 1277.95 1277.95 1277.95
Energy (GeV) 10 10 5 5
Bending radius(m) 81.0162 81.0162 81.0162 81.0162
Bunch spacing (ns) 35.52 35.52 35.52 35.52
Bunch spacing(m) 10.65 10.65 10.65 10.65
Number of bunches 120 120 120 120
Bunch population 2.00E+11 2.00E+11 1.00E+11 1.00E+11
Beam current(A) 0.90 0.90 0.45 0.45
Arc cell FODO FODO FODO FODO
RF frequency MHz 478.572 478.572 478.572 478.572
Harmonic number 2040 2040 2040 2040
Energy loss/turn (MeV) 11.74 11.74 0.72 0.72
Accelarting voltage(MV) 25 25 5 5
Synchrotron tune 0.04 0.04 0.05 0.05
Total rad. power(MW) 10.53 10.53 0.32 0.32
Syn. rad. power/m (KW) in arc 19.25 19.25 0.60 0.60
(from normal bends)

Self-pola. time at 10GeV(minutes) 22.03 22.03 704.87 704.87
Emittance-x, no coupling (n m.rad) 56.6 56.6 85 54
Beta function at IP (cm) By*/ BX* 19.2/26.6 19/34 35/20 19/19
Emittance ratio (g,/e,) 0.18 0.18 0.45 0.25
Beam size at IP(um) oy 104.25 103,70 172.48 101.29
Beam size at IP(um) o, 52.06 58.86 87.46 50.65
Momentum compaction o 2.62E-03 9.10E-03

Momentum spread o, 9.61E-04 4.80E-04

Bunch length (cm) o, 1.20 1.20 1.6 1.6
S.R. damping time(x) (mS) 7.3 7.3 58.6 58.6
Beta tune 26.105

Beta tune p, 22.145

Natural chromaticity Ex/Cy -35.6/-33.8 -28.5/-29.0
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2.4.4 Beam Instabilities

In previous chapters we discussed the parametéreshof eRHIC. The lattice design of the electron
ring presented in 2.4.3 is based on these chditdlis chapter the influence of the various inigrs
dependent effects on the machine performance estigated.

The main parameters of electron ring of the eRHEC a
* Beam energy: 5-10 GeV
» Particle species: electron and positron

e Beam currents: ~450 mA
* Bunch length: ~afewcm
e Beam emittance: ~ 50 to 100 nm.rad

* Beam energy spread: 6~10 E-4
* Bunch spacing: ~10.6m
« Particles/bunch:  #x10"

In the current eRHIC design, the bunch spacingrisigrily determined by the existing hadron
machine complex. There is little flexibility foregerating different bunch patterns. One has tb dea
with a high bunch current and a relatively highatdieam current. Since the bunch length of the
hadron beams is longer than 10 cm, the bunch lesfgligpton beams (1-2cm is expected) is not an
issue. The main concern for single bunch effethéstransverse mode-coupling instability. We also
discuss the power deposition generated by a bedne form of the higher order mode (HOM) losses
by interacting with its surroundings. The narrowitbampedance and related instabilities need to be
evaluated carefully due to the relatively large bemof RF cavities. The eRHIC machine is
planned to operate over a wide range of beam esergiMany collective effects exhibit their
strongest behavior at low energy where the bedssssrigid and damping time is much longer than
at higher energies. Since electron and positramiseare required by the physics programs, the
lepton machine has to account for both electronctleffects (ECE) for positron operation, and fast
beam-ion instability (FBII) for electron operatian the ring design.

Compared to the achieved beam performance in dewewamachines at the same energy ranges,
especially two B-factories, the requirements forH&8R electron ring appear reasonable and
achievable.

In terms of collective effects, several issuesadngarticular concern including:

» Single bunch instabilities

» Higher-order-mode (HOM) heating
* Coupled bunch instabilities

* lon related effects

» Electron cloud effects, etc.
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The major parameters of eRHIC and other existinghim@s in the same energy range are
summarized in the Table 2.4.4-1.

eRHIC PEP-II KEKB CESR-IlI
LER/HER LER/HER

Energy(GeV) 5-10 3.1/9.0 3.5/8.0 5.3
Circumference(m) 1278 2200 3016 776
RF freq.(MHz) 478.6 or 506.6 476 508 500
RF voltage(MV) 5-25 6/15 10/18 3
Total current(A) 0.45 2.4/1.4 1.9/1.2 0.72
Partic|e/bunc|ﬁ0“) 1.0 1.0/0.6 1.1/0.7 1.3
Bunch spacing(m) 10.6 1.9 2.4 2.4(in train)
Momentum comp. 0.009/0.0026 0.0018 0.0012 0.0025
Energy loss/turn(MeV) 0.72/11.7 1.2/3.6 1.6/3.5 1.0
Average beta(m) ~15 ~17 ~10 ~20
Bunch length(cm) 1~2 1.0 0.4 1.5

Table 2.4.4- 1Comparison of beam parameters of eRHIC and majetireg lepton rings in the same energyge

Impedance Budget

We start with the estimate of impedance contrimgifrom various components in the eRHIC lepton
ring. Among the impedance-generating elementkarring, the largest contributors are RF cavities,
the resistive vacuum chamber walls, the IR chamibeitows and masks.

RF cavities

The main contribution to the narrow-band impedacmees from the RF cavities. To substantially
reduce the narrow-band impedance a small numbdeegly-damped RF cavities will be adopted. At
the current design stage, the PEP-II 476 MHz nore@hducting RF cavities and KEKB
superconducting cavities are both highly succedsiubperation of high current B-factory storage
rings. These two cavity designs are the majodicktes for the eRHIC electron ring. The
superconducting cavities are especially attradbgeause their higher accelerating voltage reduces
the total number of cavities needed, thus redutiieg impedance contribution. Brookhaven also
has a long history in superconducting technology laas recently been developing a facility to test
superconducting RF cavities. To compensate enleggydue to synchrotron radiation and keep a
reasonable quantum lifetime, a total RF voltagakadut 18 MV is needed at 10 GeV. It is assumed
that the RF system should be able to provide up5téMV total RF voltage. Figure 2.4.4- 1 and
Figure 2.4.4- 2 show the bunch length with différeeam energies. Over major operating ranges
the bunch length would be 1-1.5 cm.

Resistive-wall

Detailed designs of vacuum chamber and componeatsad yet available, but we can discuss design
principles and outline an impedance budget. A uwatehamber with about 3.5 cm radius, which is
comparable to similar machines, is assumed in awent calculations. Copper is the material of
choice for its excellent conducting properties.r Eamparison, aluminum and stainless steel are also
simulated.
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Figure 2.4.4- 1Bunch length at 10 GeV Figure 2.4.42 Bunch length at 5 GeV

Other components
e Pumping slots

* BPMs

* Masks

* IR chambers(including two Y-shape recombinatiomabers)
» Bellows

* Tapers, etc.

Preliminary estimates of the quantities of each poment and the budget of their contribution to the
inductive impedance and loss factor (assuming benth length) are shown in Table 2.4.4-2.

component No. of items Inductive Loss factor
(estimated) impedance(ohm) budget(V/pC)
Cavities 28(n.c.)/13(s.c.) ~14/10
Resistive wall 1278 m 2e-3 2.0
Masks TBD 3e-2 2.0
Valves TBD 6e-3 0.3
BPMs ~300 le-4 0.6
IR chambers 1+2 2e-3 2.0
Tapers TBD 2e-2 2.0
Bellows TBD le-2 2.0
Total ~0.06 ~25/21

Table 2.4.4- 2lmpedance and loss factor budgets

Based upon above budget the total loss factor witme contingency is ~25 V/pC, which is
comparable to that for KEKB [1] and PEP-II [3]. &ry conservative estimate for total impedance, 1
ohm, is used for the instability simulations. Tdeshould be considered a very preliminary study
because number of items is a rough estimate and sbtine components, such as feedback pickups,
injection kickers, some chamber tapers connectargpus components and so on, are not among the
listed items. Inclusion of all the detailed bearalicomponents may change these calculations in
some extent. For these reasons, a wide rangessffactor and impedance values are considered in
calculating the impedance-related collective effect
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Higher Order Mode (HOM) Heating

The estimated total higher-order-mode power oflleetron ring is up to about 240 kW with 450 mA
current. Compare to that of B-factories the HOM powm eRHIC e-ring is moderate. In case of
high intensity operation with 1 A beam current H®M energy loss would approach to the level of
B-factories.

Loss factor(V/pC) 15 25 35
| =450 mA 120 kKW 200 kw 280 kw
| =1000 mA 590 kW 980 kW 1370 kW

Table 2.4.4- 3HOM power with different loss factor and beam euitr

Transverse Mode Coupling Instability (TMCI)

This instability occurs when two head-tail modes=Qrand m=-1 in most cases) share the same
coherent frequencies. The instability is a seuvgniation on the single bunch current in large
storage rings with a low beam energy and a low lewimon tune. Using the estimated transverse
wake potential and average beta function of 15tns found that coherent tune shift of the m=0
dipole mode is very small at the design bunch ctrréhe transverse mode-coupling instability
threshold is expected to scale as

_ 4Elev, 4\/770
° (ImZ,)B,)R 3
where s is the synchrotron tung is the beta function at the location of the impesa and R is the
average ring radius. Compared to the B-factory &wergy rings, the eRHIC collider has higher
energy, higher synchrotron tune, longer bunch lenghorter circumference, and comparable
impedance and beta function. The calculated thtdstworents are about 46 mA at 10 GeV and 16
mA, respectively, which are higher than the nomiale (3.8 mA) with comfortable margins. For

all of these reasons the transverse mode-coupistgbility threshold will not impose a threat te th
performance of the lepton ring.

(2.4.4-1)

Longitudinal Microwave Instability Threshold

Although not a source of beam loss or intensityitation, the longitudinal microwave instability
together with the potential well effect is conseteto be the major source of bunch lengtheninge Th
design beta-functions at IP of the lepton beamataut 15 to 30 cm. Since the bunch length of
hadron beams is very long (above, say, 10 cm ayelgrthe much shorter bunch length of lepton
beams (1~2cm is expected) is not considered togreldem (hourglass effect is negligible). Figure
2.4.4-3 shows the threshold of the longitudinalmave instability [6].
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Figure 2.4.4- 3, 4: Single bunch threshold at 10 GeV (left) and % Gaéght) with different broadband impedance
scaling.

Longitudinal Coupled Bunch Instability

The wake fields in high-Q structures in a storagg,rsuch as RF cavities and resistive-wall beam
pipes, cause different beam bunches to interactr cértain values of relative phase between
bunches, the coupled-bunch motion can grow andrbeconstable, leading to beam loss. The
instabilities are characterized by their motionlangitudinal phase space. Longitudinally, the a=0
mode can not become unstable, so the lowest lahgél instabilities are characterized by a=1
synchrotron motion. Table 2.4.4-3 and 2.4.4-4 sanue the major monopole modes for these two
kinds of RF cavities.[2][4]

f(MHZz) R/Q(ohms) Q
758 44.6 28
1009 0.006 246
1283 7.68 66
1295 6.57 907
1595 5.06 178
1710 0.44 54
1820 0.13 0.0
2109 3.52 233
2253 1.21 500

Table 2.4.4- 4Major monopole modes of PEP-II RF cavity

f(MHZz) R/Q(ohm) Q
783.0 0.12 132
834.0 0.34 72
1018.0 6.6 106
1027.0 6.4 95
1064.9 1.6 76
1076.0 3.2 65
1134.0 1.7 54

Table 2.4.4- SMajor monopole modes in KEKB sc RF cavity
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Mode Growth time (ms)
7, = 228
=1 1, = 229
7, = 230
7, = 2139
a=2 r, = 2148
r, = 2153

Table 2.4.4- 6Growth rates: longitudinal, at 5 GeV

Calculations are performed using the ZAP code [ #he cavity characteristics given above. Table
2.4.4-5 shows the modes with the fastest growtbsrat 5 GeV operations. The growth times are
longer in 10 GeV case.

Transverse Coupled Bunch Instability

Tables 2.4.4-6 and 2.4.4-7 summarize the majorleliptodes for these two kinds of RF cavities

[2][4].

In the transverse plane, the a=0 mot®ithie lowest mode of instability. Table 2.4.4-Vegi

the a=0 and a=1 modes with the fast growth rate RHIC electron ring. Again they occur when
beam energy is low (5GeV). The situation at higlregrgy is better.

f(MHZz) Ryan (K 0hm/m) Q
792 9.7 96
1063 50.4 34
1133 1.3 0
1202 0.6 642
1327 5.6 510
1420 5.3 554

Table 2.4.4- 7Transverse modes in PEP-11 476 MHz cavity

(MHz) R/Q’ (ohm/m) Q
609.0 1.9 92
648.0 40.2 120
688.0 170.4 145
705.0 227.3 94
825.0 6.2 60
888.0 3.5 97

Table 2.4.4- 8Transverse modes in KEKB sc RF cavity
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Mode Growth time (ms)
r, =38
=0 7, =55
I, =67
7, =164
=1 7, = 165
r, =166

Table 2.4.4- 9Growth rate of transverse modes

The damping times in the electron ring are abo#itn7s (transverse) and 3.7 ms (longitudinal) at 10
GeV and 58 ms (transverse) and 29 ms (longitudated)GeV. The worst situation occurs in the low

energy operation, where the coupled-bunch instedsilhave the fastest growth rates and damping
time is long. The preliminary simulations suggeésitt a feedback system is needed and sufficient.

Fast Beam-lon Instabilities (FBII)

The relatively large bunch spacing in the eRHICctet: ring causes a small ion trapping effect.
However, the ions accumulated during a single ggss&the bunch can cause a transient instability.
This so-called ‘fast beam-ion instability’ (FBII} isimilar to the multi-bunch beam break-up in a
linac. Usually the FBII is more severe in the \@tiplane as the vertical emittance is smallehe t
lepton machine. According to the linear model {B§ rise time can be described as

1 _ 4dgaso ionB yN3b/2 r’|2brer1p/2 Ll/sfes;

== 2.4.4-2
T 3\/:_303/2V(0X + Gy )3/2A1/2 ( )

wheredgas = p/k, T = 5.1E13 It is the density of residual gasen is the ionization cross sectioN,

is the particle number per bunch, and 1, are the classical radius of the electron and proto
respectivelyl sepis the bunch spacingi and gy are the horizontal and vertical beam sizes, Al
the ion mass in unit of proton mass.

B-factory eRHIC scaling factor
parameters over B-F parameters
N, ~1E11 ~1
Locp ~25m ~4
o, ~ 0.8 mm ~1
g, ~0.12 mm ~3
E ~9 GeV ~0.5~1.2

Table 2.4.4- 105caling FBII effects in electron ring of eRHIC

Above table shows that the eRHIC lepton ring hasesadvantages over today’s B-factories on FBII.
Below is a more detailed analysis.
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Taking into account of the coherent frequency gshrele linear theory gives the couple bunch
motion in the bunch train like y ~ expft), the growth time is given by

1 1 c
— == 2.4.4-3
Te T 2\/Eltrain (A(bi)rms ( )
where (A@ )msis rms spread of ion coherent angular frequehgy.is bunch train length.
4N, r ¢ .
w =( 2P j (2.4.4-4)
3AL 0 (0,+0)

The growth rates of FBIl at 10 GeV and 5 GeV am@shin Figure 2.4.4-5 and 6.
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Figure 2.4.4- 2, 6: Growth rates of FBIl at 10 GeV (left) and 5 Gealglit), 450 mA

If a total beam current of 1000 mA is assumed, amexgb to the achieved parameters of the two high
energy rings at the B-factories the bunch popufatibthe electron ring of eRHIC would be higher
by a factor 2. However, its vertical beam sizé&rger (for matching the hadron beam size), which
improves the situation. We expect the FBII effeahwil000 mA current in the electron ring of the
eRHIC collider to be comparable with that in twddgtories. See Figure 2.4.4-7 and Figure 2.4.4-8.
A feedback system like those used at PEP-II and BEKould be able to handle the required beam
intensity.
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Figure 2.4.4- 7, 8: Growth rates of FBIl at 10 GeV (left) and 5 Geiglit), 1000 mA
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Electron Cloud Effects (ECE)

In the positron-hadron collision operation of eRHi@e photo electrons generated by synchrotron
radiation hitting the vacuum chamber walls, andosdary emission due to multipacting in the
presence of the electric field of the positron beaam accumulate in the beam pipe during the multi-
bunch operation with short bunch spacing. Thisgivise to a so-called ‘electron cloud’ (EC).
Several effects have been observed in differenhimas, including

* Pressure rise

* Beam-size blow-up

* Coupled-bunch instability, etc.

Multi-bunch effect
For coupled-bunch instability due to EC, if we amsuthat the density of the electron cloud is
saturated, then the growth time can be estimat¢tiogs
_ reghhylo, 2.4.4.5)
® 2rN,c? o

y is relative energy factor, is betatron frequencyyhh, are transverse dimensions of the vacuum
chamber,is bunch spacing, Nis number of particles per bunch.  Assuming simifacuum

chamber dimensions to that of the existing lept@timmes, the growth time is at the level of 1.0 ms
in e+ operation.

Single bunch effect
The electron cloud can also drive single bunchaimity. Here we use treat it as a transverseanod
coupling instability. With a two-particle modehet threshold electron density of TMCI is [11]

2y
Pe threshold ~ WI’:C (2.4.4-6)
C is ring circumferencey,is synchrotron tune. The threshold is about 1.5%30 10 GeV and

0.6x103 at 5 GeV, respectively. The preliminary simulatghows that the electron cloud density in
eRHIC lepton ring could reach this level if no @eatonary measure is taken.

To better examine the EC effect for the eRHIC etecbperation a comparison is also made among
eRHIC and the two Low Energy Rings of B-factori®ee Table 2.4.4-11.

The major cures include:
e avacuum ante-chamber
» coating of the chamber with TiN or NEG
» installation of solenoid coils
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The first two measures may reduce the electrondctiansity by a factor 3~10. The solenoids field
(20~30 Gauss) also prove to be a very effectivehatkto suppress the electron cloud effects in low
energy rings of B-Factories [7][8]. The eRHICt@pring will adopt the ante-chamber concept with
proper coatings in vacuum system designs and {eaa@d coils can be the backup solution.

B-factory eRHIC scaling factor
parameters over B-F parameters

N, ~1E11 1~2

Loep ~25m ~4

o, ~0.8 mm ~1

g, ~0.12 mm ~3

E 3.1~3.5 GeV ~1.5~3

C 2200~3100 m 1.7~24

Table 2.4.4- 11 Scaling ECE effects in positron operation of eRHI

It appears that the electron cloud effects in pasitmode will not be stronger than those in today’s
B-factories, mainly due to the longer bunch spa@nd higher beam energy in eRHIC. By taking
the necessary measures mentioned above, the elamitdd effects in positron operation will be

under control. The more detailed numerical simafetiare underway.

In conclusion, we have made preliminary investmati of the major expected instabilities through
analytical calculations, simulations, and scaledgomance from the other lepton machines, mainly
B-factories. These estimates indicate that goodneegng design and feedback can limit the
instabilities to a similar or lower level than tBdactories at similar energy.
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2.4.5 Beam-Beam Issues

Overview

The beam-beam interaction is one of the most fureddah limitations of colliding beam storage
rings. In the eRHIC collider, the beam-beam inteoacvaries depending on beam energy, colliding
particle species, beam current, emittance, andr gghemeters, and can be quite different under
different experimental scenarios. We work from thesic premise that: when the beam-beam
interaction is weak, the luminosity performanceamainly dependent on single beam parameters of
the e-ring or the RHIC ring; when beam-beam int&vas are strong, beam-beam interaction can
cause beam blowup, and coherent beam-beam oscilatre likely to be the major obstacle to
reaching high luminosity. The following issues aiscussed below in addition to the preliminary
simulation worked presented in the next section.

Beam-beam interaction, interpretation

The eRHIC collider is similar in nature to HERA eyt for operating in a different range of center of
mass energy and with much higher luminosity. IrRABhe proton bunch intensity is ~#pwhich

is comparable to RHIC proton beam intensity. Bat ¢hectron beam current is limited by available
RF power to about 58 mA. Therefore a weak-stronglehcan be applied to simulations. In the
eRHIC electron ring, beam energy is only one thiva of HERA, so that RF power does not limit
beam current. The design beam intensity is 0.4%%uBt 10 times higher than HERA. And even
higher beam intensities are under consideratiayeteerate higher luminosity. Therefore, in many of
the eRHIC collision scenarios both the lepton amal hadron beam-beam tune shift limits can be
reached. In this case quasi strong-strong or ststnogmg models of collision for simulation will be
the more accurate tools.

Coherent beam-beam limit (asymmetric collider)

A distinguishing difference of the eRHIC from thasting colliders is the asymmetric circumference
of the two colliding rings. The different and snealtircumference of the e—ring permits freedom of
design optimization and substantial cost savingwéier, coherent beam-beam interactions for the
asymmetrical system may limit its performance andgtbe carefully accounted for. According to
reference [1], the instability region of a 1:3 asyatric e+e- ring collider compared to a symmetric
one is about 30% larger with a beam-beam paranoét@r03. In the present case we have a more
complicated collision pattern and our beam-beare gmft limit is much higher.

Weak radiation damping at low electron beam energy

Operating the electron ring at low energy (5Ge\gnsicantly reduces synchrotron radiation
damping, which will reduce the electron beam-beane tshift limit to half. Measures to increase the
damping at low electron energy are discussed itose2.4.3.

Luminosity reduction from hourglass effect
The minimum proton beam bunch length is limitedtbg heat load on the cryogenic system for

RHIC [2], and is considered to be ~20 cm at preséhis sets a limit on minimur* for both
hadron and lepton beams due to the luminosity temtucaused by hourglass effects.
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Beam-beam effect on polarization

There were observations in HERA operation [3]. Anill be an important issue here. Initial
simulations have been done with a weak-strong nandewith linear lattice. That allows us to make
a quick evaluation of possible maximum tune siifits to select the appropriate working point.

Beam-Beam Simulations with Linear Lattice

RHIC is currently operating with beams collidingfour of its six interaction points, where beam-
beam tune shift parameters exceedirg=0.005 per IP have been achieved. It is theredapected
to be safe to assume the same beam-beam parawetbe feRHIC IP, especially since it is most
likely that by the time eRHIC is operational themher of actual RHIC IPs will be reduced.

To investigate the feasibility of beam-beam intéoas with nominal beam-beam tune shift
parameters as high &% =0.025¢y =0.08 in the eRHIC electron ring, simulation sésdhave been
performed [4]. In these simulations, the acceleraaepresented by a linear one-turn matrix. The
tunes of this one-turn matrix are scanned in tingecbelow the quarter resonance to determine the
best working point. Synchrotron radiation dampimgl ajuantum excitation is included, currently
based on an older lattice version that did not pcedthe emittances required for the interaction
region parameters presented here. However, thesdasions can nevertheless be considered useful
at the present design stage. As a first step, ddeon bunch intensity was lowered suh that a \artic
beam-beam tune shift afy, =0.05 was achieved, which is the design valuthefKEK B-Factory.
With a radiation damping time corresponding to 17d®@olutions in the eRHIC electron ring, no
beam blow-up and resulting luminosity degradatsonhbserved over a wide tune range around Qx =
.10, Qy = .15, as shown in Figure 2.4.5-1. It sddwwever be emphasized here that due to the lack
of a consistent lattice solution, the dynamic esnite effect caused by the modification of the H
function,

H(SYHS (S)+ 2u(SMEN(S)+BEN  (S), @.4.5-1)

by the presence of a strong beam-beam lens cotldentaken into account. Since these effects are
mainly observed for tunes very close to the integdralf-integer, this is not expected to signifitan
alter the results.

Since the nominal hadron bunch intensity had ttobered by about 40 percent compare to what is
routinely accelerated in RHIC to limit the electdo@am-beam tune shift &y =0.05, we studied the
effect of the eRHIC design beam-beam paraméxer0.025,£y =0.08, as it results from the regular

RHIC bunch intensity of 1.0- ilqarotons per bunch. As Figure 2.4.5-2 indicatesetlaee still large
areas in the working diagram where the resultimgihosity is 95% of the nominal geometric value.

These results still have to be checked by full &2Kking, including lattice nonlinearities and rett
machine imperfections. This work is currently ilogress.
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Electrons:

ring circumference [m] 1278

geometric emittance hor./vert. [nm] 53/9.5

(3 functions hor./vert. [m] 0.19/0.27

particles/bunch 6.7 - 10

beam-beam tune shift hor./vert. 0.025/0.08

damping times hor./vert./long. [turns] 1740/1740'8

Hadrons:

ring circumference [m] 3834

geometric emittance hor./vert. [nm] 9.5/9.5

B functions hor./vert. [m] 1.04/0.27

particles/bunch 8.2 - 10(p),
1.0 - 10 (Au)

beam-beam tune shift hor./vert. 0.005/0.005

luminosity [cm “sec] 2.7 - 16°

Table 2.4.5- 1:Parameter table.
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Figure 2.4.5- 1: Beam-beam contour plot for nombe&am-beam tune shift parameterg§f 0.015 &y =0.05..
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Figure 2.4.5- 2:Beam-beam contour plot f@x =0.025&y = 0.08, which corresponds to a proton bunch patppn of
11
1.0 - 10 /bunch.
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2.4.6 Beam Polarization

Spin Polarization — an Overview

Before describing concepts for attaining electrod positron spin polarization for eRHIC we present
a brief overview of the theory and phenomenologyg &8n then draw on this later as required. This
overview is necessarily brief but more details barfound in [1, 2].

Self polarization

The spin polarization of an ensemble of spidermions with the same energies traveling in traes
direction is defined as

P <%5> 2.4.6- 9
where & is the spin operator in the center of mass afjddenotes the expectation value for the
mixed spin state. We denote the single particléerenf-mass expectation value %’6—’ by S and

we call this the “spin”. The polarization is théretaverage of over an ensemble of particles such
as that of a bunch of particles.

Relativistic ¢ circulating in the (vertical) guide field of a stgearing emit synchrotron radiation
and a tiny fraction of the photons can cause spprfribm up to down and vice versa. However, the
up—to—down and down-to—up rates differ, with thseuliethat in ideal circumstances the electron
(positron) beam can become spin polarized antiHiphfparallel) to the field, reaching a maximum
polarization, P, , of = 92.4%. This, the Sokolov—Ternov (S-T) polarizprgcess, is very slow
on the time scale ofrother dynamical phenomenardoguin storage rings, and the inverse time
constant for the exponential build up is [3]:

53 14'h
o 3

Tst -

(2.4.6- 2)

8 m,

where ., is the classical electron radius, is the Lorentz factorp is the radius of curvature in the
magnets and the other symbols have their usualimgmanThe time constant is usually in the range
of a few minutes to a few hours.

However, even without radiative spin flip, the spare not stationary but precess in the external
fields. In particular, the motion of for a relativistic charged particle traveling ite@ric and
magnetic fields is governed by the Thomas-BMT equad@/ds =OxS wheres is the distance
around the ring [2, 4]. The vectér depends on the electri@) and magnetuﬁB) fields, the energy
and the velocityy which evolves according to the Lorentz equation:

— 1 1 = 1 1 =
Q=] |=+a B+—7—(B-B)T;+—2a (¥ x E)| (2.4.6-3)
me| v 1+7yc ¢ L+~
1 - L1 S
__& —+a|B, -LB +—|a+ <17><E). (2.4.6- 4)
m,c ~ 2y c 1+

Thus Q) depends o and on the position of the particle= (=, p,,y,p,,,6) in the 6-D phase space
of the motion. The coordinaté is the fractional deviation of the energy from theergy of a
synchronous particle (“the beam energy”) dnds the distance from the center of the bunch. The
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coordinatesr andy are the horizontal and vertical positions of tlaetiple relative to the reference
trajectory and (except in solenoids)= =’ andp = y' are their conjugate momenta. The quangity
is the appropriate gyromagnetic factor ame- (g 2)/2 is the gyromagnetic anomaly. Fer ,

a =~ 0.0011596 . BH andB are the magnetic fields parallel and perpendicoléne velocity.

In a simplified picture the majority of the photanghe synchrotron radiation do not cause spin flip
but tend instead to randomize the orbital motion in the (inhomogeneous) magnetiafielThen, if

the ring is insufficiently well geometrically aligd and/or if it contains special magnet systenes lik
the “spin rotators” needed to produce longitudipalarization at a detector (see below), the spin—
orbit coupling embodied in the Thomas—BMT equattan cause spin diffusion, i.e. depolarization.
Compared to the S—T polarizing effect the depcddaion tends to rise very strongly with beam
energy. The equilibrium polarization is then ldsant 92.4% and will depend on the relative strengths
of the polarization and depolarization processeswé shall see later, even without depolarization
certain dipole layouts can reduce the equilibriofapzation to below 92.4 %.

Analytical estimates of the attainable equilibriyrolarization are best basesh the Derbenev—
Kondratenko (D-K) formalism [5, 6]. This implicithasserts that the value of the equilibrium
polarization in ane™ storage ring is the same at all points in phaseespnd is given by

N
P galibse -5l

where (), denotes an average over phase space at azimuthis the direction of motion and

b =(5x$)/]3| . b is the magnetic field direction if the electric dievanishes and the motion is
perpendicular to the magnetic field. is a unit 3—vector field over the phase spacefgagsthe
Thomas—-BMT equation along particle trajectorig€s) (which are assumed to be integrable) and it is
1-turn periodici(u;s + C') = n(u;s)whereC' is the circumference of the ring.

P, =7 (2.4.6- 5)

The field 7n(u;s) is a key object for systematizing spin dynamicsstarage rings. It provides a
reference direction for spin at each point in phgsece and it is now called ttiavariant spin field”
[2, 7, 8]. At zero orbital amplitude, i.e. on therjpdic (“closed”) orbit, then(0;s) is written as
fi,(s). For e rings and away from spin—orbit resonances (semel is normally at most a few
milliradians away fromy,; .

A central ingredient of the D-K formalism is thegiicit assumption that the* polarization at each
point in phase space is parallel o at that point. In the approximation that the mde8 have the
same energies and are traveling in the same dirediine polarization of a bunch measured in a
polarimeter ats is then the ensemble average

‘ﬁcu&dk (3) = F, <T_i>S . (2.4.6- 6)

In conventional situations i~ rings, (1), is very nearly aligned along,(s). The value of the
ensemble averagé; . (s), is essentially independent of

Equation 2.4.6-5 can be viewed as having three comts. The piece
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(2.4.6-7)

|o(s)|”
gives the equilibrium polarization due to radiatsgn flip. The quantityr,, is the component of;,
along the closed orbit. The subscript “bk” is ubede instead of “st” to reflect the fact that tisishe
generalization by Baier and Katkov [9, 10] of thegmal S—T expression to cover the case of
pleceW|se homogeneous fields. Depolarization is therounted for by including the term with

1L(22)" in the denominator. Finally, the term witf in the numerator is the so-called kinetic
polarlzation term. This results from the dependeidee radiation power on the initial spin directi
and is not associated with spin flip. It can norgnak neglected but is still of interest in ringgtwi
special layouts.

In the presence of radiative depolarization the natEq. 2.4.6- 2 must be replaced by

i x/_r ) 5. 5) onY
N 7h1§d< [ 267 3) +E(%)]> (2.4.6- 8)

dk
This can be written in terms of the spin-flip p@tatlon rate,7,,', and the depolarization rate,,, ,
as:

=—+ ; (2.4.6- 9)
Tak Tk Tdep
where
5 A2
o BB RL p [ 1 5(@) (2.4.6- 10)
' 8 m, C lp(s)|” 18106 .
and
S CAILE Ny g 1-2a-57) (2.4.6- 11)
8 m, C lp(s)| 9 .

The time dependence for build—up from an initidapi@aation £, to equilibrium is

Pt)y="P, , [1—e"™]+Be"™. (2.4.6- 12)

In perfectly alignede® storage rings containing just horizontal bendsdgqupoles and accelerating
cavities, there is no vertical betatron motion aiyck) is vertical. Since the spins do not “see” radial
guadrupole fields and since the electric fields m ¢hvities are essentially parallel to the particle

motion, 7 is vertical, parallel to the guide fields andigs) at all wand s. Then the derivativel:
vanishes and there is no depolarization. Howeesl rings have misalignments. Then there is
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vertical betatron motion so that the spins also reekal fields which tilt them from the vertical.
Moreover, 71, (s) is also tilted and the spins can couple to vdrticedrupole fields too. As a result
n becomes dependent anand “fans out” away fronm,(s) by an amount which usually increases
with the orbit amplitudes. Then in generd no longer vanishes in the dipoles (whéré p |° is
large) and depolarization occurs. In the presehciew quadrupoles and solenoids and in particular
in the presence of spin rotator§ can be non-zero in dipoles even with perfect alignt. The
deviation of 7 from 7, (s) and the depolarization tend to be particularlgéanear to the spin—orbit
resonance condition

Vim — k =+ k v, + kHVH =+ kHIVHI (246' 13)

pin
Here k,, k,, k,,, k,,, are integersy,, v,,, v,, are the three tunes of the synchrobetatron meatrzh
v, IS the spin tune on the closed orbit, i.e. the Ineinof precessions aroun(s) per turn, made

by a spin on the closed orbitn the special case, or in the approximationn@fsynchrobetatron
coupling one can make the associatiohs: z, II — y and III — s,where, here, the subscript
labels the synchrotron mode. In a simple flat rint wo closed orblt distortiony;, = ay, where

7, is the Lorentz factor for the nominal beam enefgy. e , ay, increments by 1 for every 441
MeV increase in beam energy. In the presence odligisnents and special elements like rotators,
Vi 1S usually still approximately proportional to theam energy. Thus an energy scan will show
peaks in7,, and dips inP,(s), namely at the resonances. Examples can be sdiguiia 2.4.6-

3 below. The resonance condition expresses thetfatthe disturbance to spins is greatest when the
| Q(u;s)—Q(0;s)| along an orbit is coherent (“in step”) with thetural spin precession. The
quantity (|k,| + |k, | + |k,;|) is called the order of the resonance. Usually,stinengest resonances
are those for whichlk,| + |k, | + |k,;;| =1, i.e. the first order resonances. The next strdnges
usually the so-called synchrotron sideband resonancesgf parent first order resonances, i.e.
resonances for whichv =k *v, + kv, where k,, is an integer and modéll is

associated with synchrotron motlon All resonanaes due to the non—commutation of successive
spin rotations in 3—D and they therefore occur evih purely linear orbital motion.

We now list some keys points.

» The approximation in the second row of Eq. 2.4.6nadkes it clear that if there are dipole
magnets with fields not parallel 1§ , as is the case, for example, when spin rotatersised,
then B, can be lower than the 92.4% achievable in the cdsa simple ring with no
solenoids and where all dipole fields afjds) are vertical.

» |If, as is usual, the kinetic polarization term nmlast a small contribution, the above
formulae can be combined to give

‘P(‘,Ils,tlk ~ P dk (2.4.6' 14)

Tbk

From Eq. 2.4.6- 9 itis clear thaf, <T,,.

« The underlying rate of polarization due to the ®ff€ct, 7', increases with the fifth power

1 In fact the resonance condition should be moreigpeBcexpressed in terms of the so-called amplitdeleendent spin
tune [2, 7, 8]. But for typicat™ rings, the amplitude dependent spin tune diffeitg msignificantly from Vo
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of the energy and decreases with the third powérebending radii.

* It can be shown that as a general rule the “nomed!i strength of the depolarization,
T;jp /7., increases with beam energy according to a tupentient polynomial in even
powers of the beam energy.

Pre—polarization

Instead of relying on self polarization, fer one can inject a pre—polarized beam. The polarized
are supplied by a gallium arsenide source and #lceelerated to full energy in a linear accelerator.
Gallium arsenide sources can provide polarizataf®0%. Acceleration in a recirculating device is
also possible provided measures are taken to adlemblarization when accelerating through
resonances. The CEBAF machine at the Thomas Jaiffeational Accelerator Facility is an
example of such a device. These matters are detussother sections. It would be necessary to
inject the pre-polarized™ at full energy since it is unlikely that the padation would survive
resonance crossing during acceleration in theitsasf.

Since no simple polarized sources existdor a pre—polarized”™ beam would have to be polarized
by the S—T effect in a dedicated preceding ring.

To avoid an immediate loss of polarization in tleeipient ring, the polarization vector should lie
along then, vector at the injection point. In that case thbssguent time dependence is given by
Eqg. 2.4.6- 12. Note that if the injected polariaatis higher than thé, _, , the polarization wilfall

to this value with the characteristic time, . Furthermore, if the injected polarization has the
“wrong” sign, the S—T effect will drive the polaaizon through zero and into the natural direction.
Again, the characteristic time will be, and the final value will bé’,__ . . Injecting a pre—polarized
beam is the only solution if the required energyhef stored beam is so low tha}, is impractically
large. It is also useful if the lifetime of the s#d beam is small: full polarization is immediately
available while the luminosity is still high.

Software

There are two classes of computer algorithm foimeging the equilibrium polarization in real
rings:

(i) Methods based on evaluating and (%)2 in the D—K formula given the ring layout and
magnet strengths; and

(i) A more pragmatic approach in which particlesdatheir spins are tracked while photon
emission is simulated approximately within a Mo@ardo framework andr, s
“measured”. Egs. 2.4.6- 9 and 2.4.6- 14 then p®wad estimate of, and the equilibrium
polarization. The programs SITROS [11] and SLICKT®RA[12] exemplify this approach.

The class (i) algorithms are further divided acaogdo the degree of linearization of the spin and
orbital motion:
(ia) The SLIM family (SLIM [13, 14], SLICK [15], SIF [11]) and SOM [16] and ASPIRRIN
[17]. The last two utilize approximate versionstbé ‘betatron—dispersiohformalism [1]
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and all are based on a linearization of the orlaited spin motion. For spin, the linearization
involves assuming that the angle betwéeandfi, is small at all positions in phase space so
that 2 can be approximated by the foriu; s) ~ 7,(s) + a(u;s) m(s) + B(u;s)I(s). The unit
vectorsm and /! are 1-turn periodic and chosen so that the 8gt,! }is orthonormal. It is
assumed thatja’ + 3° < 1. This approximation reveals just the first ordemsprbit
resonances and it breaks down Whé + 3 becomes large very close to these resonances.

(ib) SMILE [6]: Linearized orbital motion but “fullspin motion using a high order
perturbation theory.

(ic) SODOM [18]: Linearized orbital motion but fidpin motion expressed by a
Fourier expansion.

Note that the precise evaluation ﬁnfand(%)2 requires calculating beyond the linear approxiorati
Then large amounts of computer power are neededcidly if a large number of resonances must
be taken into account. Thus the calculations ptedehere are based on a class (ia) algorithm, in
particular that in SLICK. This executes very quickihd it furnishes valuable first impressions, even
though it can only exhibit the first order resonano&t a later stage results from SLICKTRACK
based on a class (ii) algorithm and full spin motwill be available. Then the influence of higher
order resonances will be seen. This kind of algoritalso allows the effect of non-linear orbital
motion and the beam—beam interaction to be studieel.class (ii) algorithm is mathematically much
simpler than the class (i) algorithm but it sti#iquires a large amount of computing power for the
simulation for long enough of the motion of enoyginticles and their spins.

Spin rotators

The eRHIC project, like all analogous projects inutg spin, needs longitudinal polarization at the
interaction point. However, if the S-T effect is Ibe the means of making or maintaining the
polarization, then as is clear from Eq. 2.4.641/, must be close to vertical in most of the dipoles.
We have seen at Eq. 2.4.6- 6 that the polarizasi@ssentially parallel t@,. So to get longitudinal
polarization at a detector, it must be arranget #has longitudinal at the detector but vertical i th
rest of the ring. This can be achieved with magystems called spin rotators which rotatefrom
vertical to longitudinal on one side of the detecaod back to vertical again on the other side. Eq.
2.4.6- 7 shows thak,, essentially scales with the cosine of the angl@tadf », from the vertical in
the arc dipoles. Thus a rotation error resulting itiit of », of even a few degrees would not reduce
FB, by too much. However, as was mentioned above,ltaoti n, in the arcs can lead to
depolarization and calculations show that tiltsnodre than about a degree produce significant
depolarization. Thus well tuned rotators are essleior maintaining polarization even if the beasn i
pre—polarized before injection.

Suppression of depolarization — spin matching

Although the S-T effect offers a convenient wayhbdain stored high energy” beams, it is only
useful in practice if there is not too much depaktion. Depolarization can also limit the usefdsne
of beams pre—polarized before injectian; must be large enough to ensure that the largetege
polarization survives until it is safe to switch the sensitive parts of the detector after injecand
survives long enough for collecting enough datéhan detector. Depolarization can be significant if

eRHIC ZDR 86



Chapter 2: Electron Beam

the ring is misaligned, if it contains spin rotatar if it contains uncompensated solenoids or skew
quadrupoles. Then i, , and/orr, are too small, the layout and the optic must hesaed so that
(%)2 is small wherel/|p [’ is large. So far it is only possible to do thisthii the linear
approximation for spin motion. This technique iedh“linear spin matchingand when successful,
as for example at HERA [19], it immediately redudhe strengths of the first order spin—orbit
resonances. Spin matching requires two stegisorig synchrobeta spin matching applied to the
optics and layout of the perfectly aligned ring @ahdn ‘harmonic closed orbit spin matching
applied to soften the effects of misalignmentssThtter technique aims to adjust the closed @it
as to reduce the tilt of, from the vertical in the arcs. Since the misalignts can vary in time and
are usually not sufficiently well known, the admsnts are applied empirically while the
polarization is being measured.

Spin matching must be approached on a case bybeas® An overview can be found in [1]. Spin
matching for eRHIC will discussed later.

Higher order resonances

Even if the beam energy is chosen so that first rordsonances are avoided and in linear
approximation P, and/or 7, are expected to be large, it can happen thatlbaim energy
corresponds to a higher order resonance. In peatiie most intrusive higher order resonances are
those for whichw,, =k  + v, + kv, (k= I,II or IIT). These synchrotron sideband resonances of
the first order parent resonances are due to maolulay energy oscillations of the instantaneous rat
of spin precession around, . The depolarization rates associated with sidebafdsolated parent
resonances{uspin =k, £ uk) are related to the depolarization rates for theenqgaresonances. For
example, if the beam energy is such that the systenear to a dominant, resonance we can
approximater;! in the form

dep

k) (2.4.6- 15)

This becomes
. AB (GE)

~ 2
1;":70c (Vspin - ]{:0 j: V?/ + ksys)

if the synchrotron sidebands are included. The tfyan!, depends on the beam energy and the
optics and is reduced by spin matching. The propuatity constants B, ((;k,) are called
enhancement factgrand they contain modified Bessel functidki(g) and I, (¢) which depend

on themodulation index. = (av,0,/v,)’. More formulae can be found in [261.

Thus the effects of synchrotron sideband resonanaasbe reduced by doing the spin matches
described above. Note that these formulae aremesint as a guide since they are approximate and
explicitly neglect interference between the firsdesr parent resonances. To get a complete
impression, the Monte—Carlo simulation mentionediezamust be used. The sideband strengths
generally increase with the energy spread andehaetenergy.
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Spin Polarization in eRHIC

Choice of rotators

For rings like eRHIC two kinds of rotator can bensiered: Solenoid rotators and “dipole
rotators’. The current design employs solenoid rotatorgdl® rotators will be mentioned later.

Various layouts of rotators involving solenoids ¢anconceived [21, 22, 23]. The layout considered
for eRHIC is sketched in figure 2.4.6-1. The velftiga in the arc is rotated by 45 degrees towards
the horizontal by the longitudinal field of the fisgilenoid. A second solenoid completes the rotation
into the horizontal plane. The vectat, is then rotated from the radial direction towartie t
longitudinal direction by a string of horizontalhending dipoles. The orbital deflection required is
90/a~y, degrees.

After the interaction point a string of dipolesref/erse polarity rotateg, back to the radial direction
and two solenoids with polarity opposite to thatloé first two rotatey, back to the vertical. Then
n, is vertical in the arcs at all energies. If a sold rotatesn, by 45 degrees, then fer the plane
of the transverse particle distribution is rotabgdabout 22.5 degrees so that the rotator can gener
strong transverse orbital coupling.

The solenoid spin rotators
A .
< Rotatorl — = —=: R, on design energy

+H5 deg. +45 deg,

solenoid  solenoid + By b
» beng
vl —
=~ Rotator2 — =
LP.
—45 deg. —45 deg.
\ + solenoid solenoid
C R
Quadrupoles % hor,
for decoupling Nd
and spin transparency
Quadrupoles
for decoupling
and spin transparency
Quadrupoles

for normal transport

Figure 2.4.6- 1:The schematic layout of the solenoid rotators. Qhé/positions and functions of the key elemengs ar
shown. Each rotator consists of two solenoids aizbntal bend magnets, to rotate into (or out of) the longitudinal
direction. Quadrupoles tuned to ensure transvesseupling and spin transparency w.r:t.and z’ are placed between
each solenoid in each rotator. Antisymmetric hartabbends very near the interaction point areshotvn.

However, this coupling can be eliminated by cofyechoosing the strengths and positions of
guadrupoles placed within the first pair of solescghd within the last pair (Figure 2.4.6- 1). The
orbital motion between the first and second pairsaienoids is uncoupled and the quadrupole
strengths in that region can be chosen as required.

Some advantages and disadvantages of solenoidnotate:
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Advantages:
* The arrangement is compact.
* In contrast to the dipole rotators discussed latewertical orbit excursion is needed.

* The sign of the longitudinal component of the aquilim polarization at the interaction point
can be reversed by simply changing the polarities|ahe solenoids.

Disadvantages:

» The polarization is longitudinal at just one beamrgy and that energy is defined by the field
integrals of the horizontally bending dipoles ooteaide of the interaction point. Any remedy
for this restriction would require elaborate engimeg involving moving the solenoids.
However, if it is planned to run eRHIC just arout@ GeV, say in the range 9.69 to 10.13
GeV (= 22 < avy, < 23), 7, will always be within about 2 degrees of the befiraction.

By the Thomas-BMT equation the rate of spin preoassn a solenoid is inversely
proportional to the beam energy. So solenoid spiators are only practical at low energy. At
10 GeV each solenoid needs a field integral of a7 Tm and must therefore be
superconducting.

* The solenoids cause transverse coupling which mestliminated by introducing special
guadrupole arrangements. Solenoid spin rotatorsalame not automatically spin transparent
(see below).

A corresponding list of advantages and disadvastégedipole rotators is given later.

The horizontal dispersion should be zero on emtth¢ first solenoid and at the exit from the ks
the horizontal dispersion is set to zero at therattion point.

Spin matching with the solenoid rotators

To explain the spin matching conditions needed wiensolenoid rotators are used we begin by
considering a flat, perfectly aligned ring withohe trotators, the detector and the oncoming proton
beam. In this case there is no vertical closed alibtortion and the radiation damping togethehwit
the absence of vertical dispersion ensure thatbdem has essentially zero thickness. Then as
explained earliery, is vertical andn (u;s) is vertical at allu and all's. The derivativeZz is then
zero and there is no depolarization.

However, the solenoids have radial end fields wrgeh tilt spins from the vertical and the
longitudinal fields tilt spins step—wise into and ofithe horizontal plane so that they then preaess
the vertical fields of the quadrupoles inside antlvben the rotators. Inside a rotator, they also
precess in the radial quadrupole fields at the zemo-y induced by the first solenoid of a pair.
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Moreover, the total angle of rotation in the twdesoids of a rotator i$90 degrees only at = 0.
Since 7 (u;s) is a functional of the geometry and optics of tivg we see that unless special
measures are taken, the solenoid rotators willcagudo depend omu and s. Then 2 will not
vanish in the dipoles in the arcs and there wiltlbpolarization.

The remedy is to make the section from the entraridde first rotator to the exit of the second
rotator “spin transparerit i.e. to choose the strengths and positions @dgupoles and dipoles in
this section so that in the approximation of limszd spin motion, the total rotation of a spin ardu
and w.r.t.n, vanishes for a spin beginning with arbitraryand traversing this section. We have
already mentioned that we eliminate the generatiamansverse coupling by the solenoids with the
aid of quadrupoles placed within the solenoid pdirthen turns out that spin transparency wa.t.
and z’ can be arranged in addition, and in a straightiodwvay, by setting these quadrupoles such
that the4 x 4 transfer matrix for the transverse motion throagair has the form [21]

(2.4.6- 16)

0 0 -1/2r O

where r is the radius of orbit curvature in the longitualirfield of a solenoid and where the
elimination of coupling is explicit. The optic beten the rotators should be uncoupled. Since the
integral of the solenoid fields vanishes for the l\ehgegion, at first order there is no net spin
perturbation resulting from non—zetoin the solenoids. Moreover, the constraints onhibiézontal
dispersion and the layout of the dipoles around ititeraction point ensure that the change in
direction of the horizontal dispersion, due to quadle fields, vanishes for the stretch between the
second and third solenoids. Thus there is transpgre.r.t. longitudinal motion too [1]. Providing
that the constraints on the dispersion are salistlee optic between the second and third solenoids
can be chosen at will independently of the neesh&ure spin transparency, once the matrices for the
rotators have the form just given. So far it hasbe®n necessary to consider spin transparendy w.r.
y andy’ since in the perfectly aligned ring and with tnaerse coupling restricted to the rotators
themselves, synchrotron radiation in the arcs doegxcite vertical motion. Them= 0 andy’ = 0

on entering a rotator from the arc. With these dont it is easy to show that with linearized spin
motion and perfect alignment: indeed vanishes at all dipoles in the arcs [1].9Ak¢that the ring is
spin matched at each dipole in the arcs.

Thus although an isolated solenoid is not spinsfparent, we have a very elegant way to ensure
sufficient overall spin transparency of the whot#ator insertion. Moreover, from the above
discussion about the requirements for the optibeénstretch between the second and third solenoids,
it is clear that the depolarizing effects from belasam forces should be suppressed. The same
probably applies to the detector field if it can frevented from generating coupling. These count
among the advantages of such solenoid spin rotators

Note that our spin matching conditions do not emghat 4% vanishes in the dipoles between the

rotators. Moreover, sincg, is horizontal in the vertical fields of those digml Eq. 2.4.6- 7 implies
that £, can be lower than 92.4%. However, this lowering)f can be limited by making the
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dipoles long enough to ensure that thfinls/|p(s)|3 is small compared to that in the arcs. We return
to these two points below.

Calculations of the & polarization in eRHIC

Following this lengthy introduction we now presdntt calculations of the polarization. The
calculations are carried out with the thick lensle&LICK. This accounts for just the first order
spin—orbit resonances. No account is taken of thgnatic field of the detector and there is no beam—
beam force from oncoming protons. The horizontal aertical betatron phase advances in the arc
cells are 72 and 60 degrees respectively and thetidnal parts of the betatron tunes are
[v,]=0.105and [v,]= 0.146. The synchrotron tuney,, is 0.044. SLICK automatically produces
the correct transverse and longitudinal emittances.

Figure 2.4.6- 2 shows the equilibrium polarizatfonthe perfectly aligned ring in the range 9.25 to
10.58 GeV. With these rotators the spin tung, , on the design orbit is~y,. Thus this energy range
corresponds t@1 <v_, <24, i.e. it spans three full integers. It is seen thgt (labeled as S-T
Polarization) is almost independent of energy aiuat84.3%. It is below 92.4% becausg is
perpendicular to the fields in the dipoles arouraititeraction point. Recall Eqg. 2.4.6- 7. The actua
polarization, P, (labeled as Total Polarization), is about 81.7%e hdditional decrease of about
2.6% is due to the depolarization caused by the-zeno (2:)" in those dipoles. It is interesting that
although there is some depolarization, this depaaon shows no resonant structure. This can be
understood in terms of some 1-turn integrals ajpgan the calculation of 2+ [1]. When these
integrals are evaluated starting somewhere in titietlzey are zero because of the spin matching. At
resonance these integrals are independent of #negngt point. Then they are zero starting at the
dipoles around the interaction point and the factdr and 4, analogous to thel, of Eq. 2.4.6- 15,
vanish at resonance.

As stated earlier, misalignments can lead to depekon. In fact experience shows that
misalignments can be very dangerous and that ¢emaélds be invested in the alignment of the ring
and measurement of the orbit. Care is also neeatecedlistic simulations. Figure 2.4.6- 3 shows
results of calculations of equilibrium polarizatsowith SLICK for typical realistic misalignments
and after orbit correction. Figure 2.4.6- 4 sholes ¢orresponding,, andr, . The 7, exhibits the
characteristicy,” dependence. At 9.91 Ge\iq, = 22.5) 7, and r,, are about 21 and 20 minutes
respectively. At 5 GeVr,, would be about 11 hours. In that case self polaozavould not be
practical and a pre-polarised beam would be needttdrwise the average/| p |° would have to be
greatly increased [24].
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Equilibrium polarizations with perfect alignment”
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Figure 2.4.6- 2:The polarizationsP, and P, for a perfectly aligned ring containing a spin sparent pair of solenoid
spin rotators.

The misalignments include vertical shifts and woil the quadrupoles, roll on the dipoles and errors
on the beam position monitors. Scale errors omtla@ruple strengths are also included. A monitor
and horizontal and vertical correction coils arsigrsed to each quadrupole. Figure 2.4.6- 3 shows
five curves:F,, (labeled as S—T Polarization),, (bold and labeled as Total Polarization), and each
of the polarizations that would be reached if jase orbital mode were excited. The first order
resonances are clearly visible and can easily &etiftied using the known values of,[|, [v,] and

v,. Note that the/, resonances are so strong that they overlap aioteger values of/, % In this
simulation the peak values &f, are about 81.5% and occur near half integer valties,, . This is
characteristic behavior and shows that the beamggrshould be set for such values. It is also ¢lear
as usual, that the fractional parts of the orlitabs should be as far away from 1/2 as is prddbca
“leave space” around half integer spin tune. Ithhitpen be the case that the synchrotron sideband
resonances are weak at the recommended energigscartjecture will be checked at a later stage
using a class (ii) simulation. Different choicestlbé random numbers specifying the imperfections
lead to curves which differ in detail from thosefigures 2.4.6- 3 and 2.4.6- 4. However, the curves
remain qualitatively similar. Before orbit corremtithe polarization is very small.

In this simulation the tilt of?, in the arcs is about 2.5 milliradians at the maxwh P, . The r.m.s.
vertical deviation of the closed orbit from the idesmachine plane is 0.034 mm after the orbit
correction mentioned above. The maximum deviat®f.18 mm. Such small residual closed orbit
deviations might look optimistic but realistic migaments have been assumed and these small
residuals arise naturally with the orbit correctialgorithm used here. Moreover, the problem of

% But for this first order calculation, doesnot vanish at integer values of,_ . :there are no ‘integer resonances’ in
7, - However, the S-T effect becomes very weak agénealues of v asn, tilts strongly from the vertical in the
arcs.
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obtaining very small residual closed orbit deviatichas been conquered for modern synchrotron
radiation sources. Note that the closed orbit dmna remain small and the peak polarizations
remain high even if a random sample of 20% of tlomitors is taken out of service. In any case the
sensitivity of the polarization to such small déaas shows thait would be a false economy to
skimp on good alignment of the ring, on the prawvisof correction magnets and on the precision of
the beam position monitor®©ne should also avoid stray fields from the praiog and magnetic
material in the beam pipe. Experience at HERA ELjports this view.

Since the tilt ofn, is already small, harmonic closed orbit spin miaighas not yet been applied.
Perhaps with good enough alignment and correcttamsuld not be needed.

Equilibrium poelarizations with misalignments”
100 T T

Total Polarization
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a0 x  Polarization -------- B
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Figure 2.4.6- 3:The polarizations?, and P, and the polarizations associated with each offtes orbital modes when
realistic imperfections are applied and the oibiubsequently corrected.
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The calculations carried out so far show that vitiearized spin motion and in the absence of
detector fields and beam-beam forces, both highliequm polarizations and reasonabtg, can be
achieved around 10 GeV. Then operation with eit®f polarizede™ or with pre-polarizede”
would be comfortable. For the latter it would becemsary to avoid loss of polarization during
injection. Note that in contrast to the injectiohpmlarized protons into a ring;” are subject to
stochastic depolarization as the beam reachestagunh.

Although the results from linearized calculationsegstrong grounds for optimism, a complete
picture will only emerge once full spin motion Haeen included as well as other effects which have
been neglected so far. Some next steps in thistiinreare discussed below. In the meantime it is
important to note that 51% longitudinal polarization has already been achieved simultesigai
three interaction points at HERA at the almostdhmmes higher energy of 27.5 GeV [25, 26].
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To achieve high luminosity it will be necessaryniount quadrupoles inside the detector solenoid.
These magnets will then be subject to large intagnet forces. Thus, special efforts should be
invested in the stability of their mounts and thenmtoring of their positions so that they do natsa
excessive closed orbit distortion and resultanbtejzation. Use should be made of experience with
HERA [25].

Polarization times with misalignments
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Figure 2.4.6- 4:The characteristic times,, and T, (minutes) for the simulation in figure 2.4.G6- 3

Some next steps

So far, it appears that with good orbit correctibaymonic closed orbit spin matching will not be
needed. Nevertheless, this topic still needs tthdmughly studied.

Since there is no simple way in standard opticeaswé to represent the effects on the trajectories
and the spins of the complicated overlapping fielidsolenoids and quadrupoles, special spin—orbit
maps for the interaction regions should be estaddis The calculations with SLICK should then be
repeated using the linear parts of these maps tablesh whether in linear approximation these
combined fields have a significant influence on the spnsparency of the rotator section and on the
polarization. The methods used for HERA could bepted here [27, 26].

The calculations with linearized spin motion do nutlude the effects of higher order spin—orbit
resonances. Thus, a next step will be to carryctags (ii) simulations with SLICKTRACK. This
will, for example, give a picture of the strengtbisthe synchrotron sideband resonances and of
whether there are advantages in choosing a special

Even with misalignments the natural beam height laal very small. But as has been mentioned
elsewhere, to reach high luminosity it will be nesary to increase the beam height. This might be
achieved by, for example, running close to a trarsy coupling resonance. Perhaps other methods
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can be found. In any case experience shows thabjpemp picture of the polarization for such
situations will require using a class (ii) simubati

Class (ii) simulations are also essential for ustderding the full effects of beam—beam forces en th
polarization and the effects of non-linear orbitadtion including the motion in the complicated
fields in the detector.

Class (ii) simulations will also be necessary fealaating the behavior of the polarization of a-pre
polarized beam during injection.

Spin flip

As stated earlier, with the solenoid rotators tige ®f the equilibrium longitudinal polarizationrca
be changed by reversing the polarity of the solsoBut this cannot be done while the beam is
stored. However, it might still be possible to neecthe polarization on short time scales and witho
dumping the beam, by using resonant spin flip drivgmn external radio frequency magnetic field.
Note that after a reversal the polarization woeldim through zero to its original orientation wikfe
characteristic timer,, . Resonant flipping of electron spins has been dstrated at low energy [28]
but it remains to be seen whether it is practitaha much higher energy of 10 GeV where spin
diffusion might limit the efficiency [29, 30]. Clagii) simulations will also provide insights here.

Further aspects of spin rotation

Although solenoid rotators have been chosen forl€R#ipole rotators can be kept in reserve.

The simplest kind of dipole rotator system involyest vertical bends which generate a Z shaped
modification of the design orbit in the verticabpk [31, 32]. But the design orbit is then sloped a
the interaction point and the detector which ast @ the midpoint of the system. To reverse tge si
of the equilibrium longitudinal polarization, theolprities of the vertical bends and the vertical
positions of all the magnets w.r.t. the plane & timg must be reversed. This in turn requires very
flexible bellows between magnets and a mechanicking system for the whole interaction region
including the quadrupoles very close to the detecto

A much more practical and economical solution isus® spin rotators consisting of strings of
interleaved vertical and horizontal bends arrangedhat they produce interleaved horizontal and
vertical closed beam bumps. Such rotators stand &pan the detector and its nearby quadrupoles.
According to the Thomas—-BMT equation an orbit deitecof 56 , in a transverse magnetic field
produces a spin rotation &, = (ay +1)66,,. Then at high energy small orbit deflections lead to
large spin rotations and although the combinedt dmionps closey, can be rotated from vertical to
longitudinal before the interaction point. A secawtator returnsy, to the vertical before the next
arc. This is the scheme successfully used at HEIRA [

Some advantages and disadvantages of this seaoth@tkilipole scheme are:
Advantages

* The design orbit is horizontal in the detector #r@nearby surrounding quadrupoles.
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* By varying the fields and the geometry of the ratathe required rotation can be achieved
for a range of energies. Then the polarization lsarmade essentially longitudinal at any
energy in the design range.

» If the rotator is sufficiently short, it need natrtain quadrupoles. It is then automatically
essentially spin transparent.

Disadvantages

* As in the case of the Z bend rotator, reversalhef $ign of the longitudinal polarization
requires the reversal of dipole polarities, vepxible bellows and a jacking system. But in
this case only the rotators themselves need jaksthe whole interaction region. Note that
such a jacking system has been in service in HER#esl994 [19].

* At low energy the relatiost,, = (ay +1)86,,, implies that sufficient spin rotation can only
be achieved with vertical orbit bumps that mighirbpractically large.

» Dipole rotators can decreasg, sincen, is not parallel to the field in most of the magnets
The decrease is most marked if the magnets are hot /| p | large) in order to save
space.

» The generation of vertical emittance in the veltimends can require strong vertical betatron
spin matching [1].

Dipole rotators are best suited for high energyt iBis likely that for energies around 10 GeV or
above, a dipole rotator with a tolerable vertioasign orbit excursion could be designed for eRHIC.

If these dipole rotators contain no quadrupoles) spatching involves making the straight sections
between the rotators spin transparent for all timeeles of motion and involves making the arcs
between the rotators spin transparent for vertieation [1, 19, 27].
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2.4.7 RF System for the Storage Ring

Choice of Operating Radio Frequency

The choice of RF operating frequency is strongluanced by practical considerations. First, the
requirement for a storage-ring RF cavity havingrgé aperture, as discussed in the following, §mit

the choice to a small band of frequencies, betv@@®nand 500 MHz, for which high-power klystron

RF amplifiers are commercially available. Secork €lectron-ring operating frequency must be
harmonically-related to the eRHIC colliding-freqagn

The highest practicable frequency is preferred {fa®ory application, where high bunch-numbers
and short bunch-lengths are desired for maximuminasity. In this application, however, the
bunch-number in the ring is determined by the swlh frequency, and the electron bunch-length is
much shorter than the ion-beam bunch length, byhvthe minimumB* at the interaction point is
set.

Nevertheless, higher operating frequency is silofable for reasons such as longer Touschek life-
time, and cost-effectiveness of longitudinal foagsiThe frequency, therefore, is chosen to beeat th
upper-end of available klystron technology. For them-temperature, copper-cavity option, it is
478.57 MHz, the 1% harmonic of the collision frequency. For the supemducting cavity option, it

is 506.723 MHz, the IBharmonic of the collision frequency.

Choice of RF Cavity Type

The choice, for the type of RF cavity to use in #lectron-ring system, is between cryogenic
superconducting and room-temperature copper. Arsapducting system has the capability of
producing the requisite accelerating RF gap voltaige fewer cavities. This is important in terms of
the coupled-bunch instability impedance, whichrigeh by the higher-order-mode (HOM) RF fields
in the cavities. The HOM is proportional to the ren of cavities. The number of cavities is
determined by the power-handling capability of RE input coupler. The RF power required is
determined by beam loading, or the amount of imqmvter delivered to the accelerated beam. With
superconducting cavities virtually all of the ingnawer is delivered to the beam, whereas with room-
temperature cavities about one-third of the inpoiver will be dissipated in the cavity walls.
Therefore, the number of superconducting cavitas lee one-third fewer than the number of room-
temperature cavities. The use of superconductingies introduces a technological challenge: how
to remove the hundreds of kilowatts of HOM powetuoed in the cavities by the high-current beam.
The solution to this problem, for room-temperatcaeities, has been demonstrated by the SLAC B-
factory. The choice of cavity type is based on high performance of the high-luminosity, high-
current SLAC B-factory, using a conventional roagmperature RF system.

Room Temperature RF Cavity Design

The RF cavity design challenge is to determineojp@num cavity geometry, which simultaneously
maximizes the cavity shunt impedance, at 478.57 MWlzich is important for efficient beam
acceleration, while minimizing the longitudinal atrdnsverse shunt impedances at the higher-order
modes (HOM), which is important for beam stabilithe high average beam current of the electron
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ring, with beam in a large number of RF bucketskesahe minimization of HOM shunt impedances
crucial to successful operation.

The cavity geometry for the eRHIC must provide #otarge aperture, through which HOMs are
coupled from the cavity into the beam pipe. Theitggurofile must be consistent with maximizing
the separation between the TMO010 fundamental matle478.57 MHz, and the next lowest
azimuthally-symmetric (monopole) transverse magn@M) modes. All of these TM modes, other
than the TM 010, and all cavity dipole modes arevalthe corresponding mode cut-off frequencies
in the beam pipe.

To minimize HOM impedance, the number of cavitiasstrbe minimized, and they must be single-
cell, rather than multiple-cell, the type used IBTRRA/DESY. As a consequence, the single-cell
cavities must operate with higher voltage gradienproduce the required gap voltage and power
delivered to the beam.

Optimization of cavity geometry will require a sgiof computations which analyze cavity modes as
a function of cavity shape, making use of the Rmpoter codes URMEL-Tcode (triangle-mesh
version) and Superfish, and analysis of cavity terajure-profiles and thermal-mechanical stress, at
nominal dissipated RF power, using MAFIA, in a that model, with ANSYS code.

A cavity shape similar to that of the SLAC B-fagtocan be used, as shown in Figure 2.4.7-1. The
RF system can meet all requirements using 10 kigstrdriving 20 cavities, in the electron ring for
eRHIC. The RF system parameters are summarizedhble2.4.7-1.

= B B
e 1500 —-

Cross secton A-A
Figure 2.4.7-1 Schematic of a quadrant of the SLAC B-Factoryn(dire cm).

eRHIC ZDR 99



Chapter 2: Electron Beam

RF Operating Frequency 478.57 MHz
Harmonic Number 2040

Gap Voltage, V 25 MV
Beam Current, | 450 mA
Energy Loss/Turn 11.7 MeV
Shunt Impedance/Cavity sR 3.5 MQ
Number of Klystrons 14
Number of Cavities 28
Accelerating Voltage Gradient 4.15 MV/m
HOM Power (est) 100 kw
Wall Loss/Cavity 122 kwW
Coupling Factorp 1-9
Unloaded Q 30,000

Table 2.4.7-1:Electron-Ring RF System Parameters

Higher-Order Mode (HOM) Damping

In the design of accelerating cavities it is cusiomto maximize the shunt impedance in the
fundamental mode, which maximizes the RF accefegatoltage gradient as a function of RF input
power. However, in many storage rings, parasitfeot$, such as the decelerating and deflecting
fields arising from higher-order modes, and th@giant-wake forces inside an electron bunch, can
have serious cumulative effects that limit the eehble charge-per-bunch to a value well below the
fundamental beam limit. In order to evaluate therall performance of an accelerating system,
including the parasitic effects, high-level compataal means are required, which include the
computer codes MAFIA, URMEL and ARGUS.

Two major cumulative effects are to be considematiyen the design of the HOM coupler. These are
the multi-bunch instabilities caused by resonaghéi-order modes in the cavities, excited by the
beam, and single-passage effects due to the wekis-fexcited by the beam during its transit of a
cavity (e.g. head-tail turbulence, bunch lengthgnand synchro-betatron resonances).

The most important performance goals in the designHOM damping system are broad bandwidth
and the suppression of coupling to the fundamesaeity mode. Coaxial dampers are used in both
normal and super-conducting particle-acceleratoritiea. Aperture-coupled hollow waveguide
dampers are used in multiple, usually three, topltdra degenerate mode. Suppression of coupling to
the fundamental mode is provided by the cutoff abristic of the waveguide.

The feasibility of obtaining high charge-per-buras been demonstrated by the SLAC B-factory RF
system. An important feature of the B-factory RBtsyn is an extremely unique waveguide HOM-
damper system. It is likely that a design similardentical to this will be chosen, due to its staf-
the-art status and present availability.

Tuner and Adjustable RF Coupler
To accommodate the high average power dissipatimhvade range of beam-loading conditions,
associated with the storage mode of operationfycauning and coupling systems with considerable

adjustability are required. The design requiremémtshe tuner and RF coupling systems are given
in Tables 2.4.7-2,3, respectively.
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Cavity Frequency 478.57 MHz
Frequency Range 3.0 MHz
Travel Range 12 cm
Tuning-Angle Precision +/- 0.5 Deg.

Table 2.4.7-2:Cavity Tuner Specifications

Design RF Power 500 kW

Input Line WR-2100 Waveguide
Input VSWR <151

Coupling Factor Adjustable up to 10

Table 2.4.7-3:RF Coupling System Characteristics

Tuner Design

A cavity tuning range of 2 MHz is adequate to acowmdate the expected detuning caused by beam
loading effect and for frequency shift caused lsritial expansion of the cavity body, a function of
RF power dissipation. Additional tuning range igjueed, however, to compensate for frequency
shifts, as much as 200 kHz, resulting from chamgéd- coupling to the cavity, and as much as 340
kHz resulting from collision frequencies for diféet proton (ion) energies. Consequently, the tuner
is designed for greater than 2.5 MHz, centered @B@8.57 MHz. A cross-sectional view of the
cavity, in the plane of the tuner, is shown in FegR.4.7-2.

Water Cooling -

— : - Fdge-welded Bellows
| mt
Vacuum - = — ] 'i i
i §
Conflat Flange ———
. - Tuning Plunger
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Figure 2.4.7-2: Cross section of cavity and tuner

Input RF Coupler Design

There are two types of input coupling that are appate for use at the 500 kW power level. The
first is a rotatable loop, terminating a coaxiaiverline, introduced at the cavity wall, having a
coupling factor,3, adjustable between 1 and 10. The ceramic couplimglow must be shielded
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from the direct path of ions produced by the be@wetrsing the cavity. The other type of coupling is
by means of an aperture. The design procedure $&gih an aperture with a coupling factor of 10,
and then the means of reducing the coupling faaititout producing significant change in the
frequency of the fundamental cavity mode (TMO1@jclsa means is a capacitive post, of adjustable
depth of penetration, located at the first eledietd minimum of the standing-wave present in the
drive-line waveguide. Such a coupler has been sstuéy designed, fabricated, and operated in the
storage ring of the MIT Bates linear acceleraterslaown in Figures 2.4.7-3,4.
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Figure 2.4.7-3 Coaxial Coupling Network Figure 2.4.7-4RF input waveguide and Aperture Control

Cavity Window

The cavity window must be capable of the transmissaf 500 kW incident power and the RF
voltage associated with the standing wave produmgdsignificant reflected power. A coaxial

ceramic-disc window, similar to the type used ia 8LAC B-factory, is being designed to handle
the thermal stress associated with the transmisdiap to 2 MW of RF power.

High-Power RF Distribution

The high-power RF distribution system is implemdntia WR-2100 rectangular waveguide,
consistent with low-loss transmission of 1.2 MW Cav478.57 MHz. The output of each klystron is
split, by means of a 3-dB, quadrature, high-powsbria, chosen for superior power-handling
capability, and directed to the inputs of two aecating cavities. The path length from one of thie t
hybrid outputs is corrected by one-quarter wavdleng compensate for the 90-degree phase-shift
between hybrid outputs, producing in-phase sigaélshe two cavity inputs. The path between
klystron output and hybrid input includes a loadlagor in the form of a four-port, differential-pdex
shift, ferrite circulator. This produces a nomigathatched-load condition for the klystron, enhagcin
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its operational stability, regardless of refleciofnom the cavities. To the extent that the cavity
voltage (or current) reflections are matched in léongle and phase, all of the reflected power wal b
dissipated in the waster load of the circulator.ti® extent that the reflections are mismatched, in
amplitude and phase, the reflected power will keresth by the waster load of the hybrid junction (the
limiting case is equi-amplitude, quadrature-phadlections, where all reflected power is directed t
the hybrid load).

Both high-power klystrons and high-power circulat@inoth forward and reverse power), at 1.2 MW
CW and 478.57 MHz, are within the range of comna@vailability.

Low-Level RF Control System For Room-Temperature Cavities

The low-level RF control system comprises four fesatk loops, as listed in Table 4, consistent with
the general system performance specifications.

The overall configuration of the control loops own in figure 5. The gain of the klystron power
amplifier is regulated by the innermost loop, whadmpares the input and output power levels of the
klystron. The variable-attenuation capability oPiN-diode RF modulator, inserted in the klystron
input line, is used to compensate for gain changethe klystron. A digital phase-shifter is the
transducer, connected in the klystron drive lindjclw responds to error-signals from the phase-
comparator to maintain constant transmission-plaasess the klystron. Together, these two loops
regulate complex klystron gain, so that the stgbdnd performance of the cavity-voltage loop are
not perturbed by parameter variations such asrklystathode voltage and RF drive power.

The cavity resonant frequency is maintained conshy positioning a cavity tuning plunger in
response to an error signal generated by comp#ghase of the RF input to the cavity with the
phase of the cavity gap voltage. Cavity voltagal$® down-converted in a quadrature mixer (vector
demodulator and modulator), using a 478.57 MHzregfee signal. The resulting in-phase (I) and
guadrature (Q) signals are processed in video-baitidvelectronics, up-converted using the same
478.57 MHz reference signal, and applied to the dRFe line. The sensitivity of the down/up
conversion process to variations in the amplituidéne reference signal are minimized by the use of
automatic level control (ALC) prior to the mixeiBhe signal processing is accomplished by means
of Bitmus-equipped computers, as shown in the bthagram of the low-level RF system, Figure
2.4.7-5.
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Figure 2.4.7-5:Block diagram of the low level RF system

Loop Regulated Variable

Voltage Cavity Voltage (Amplitude and Phase
Resonance Cavity Resonant Frequency

Gain Klystron Transmission Gain

Phase Klystron Transmission Phase

Table 2.4.7-4 Feedback Loop Function

Superconducting (SC) RF Cavity Design

The design objectives for SC cavities are no diffietthan for room-temperature cavities: maximize
the impedance and voltage gradient of the acceigratode while minimizing the impedances for
higher-order modes (HOMs). SC cavities have theaathge of high voltage-gradient (on the order
of 10 MV/m, which is significantly greater than thaf room-temperature cavities) and much higher
values of unloaded Q, due to the greatly diminishedace losses. The high accelerating gradient
allows the design of an accelerator with fewer t@siand gaps, which ameliorates the HOM
problem and diminishes the sensitivity to coupleddh instability, just as in a room-temperature
design.

The high unloaded Q permits cavity geometry witlgéa aperture beam holes, since R/Q is not
critical, allowing HOMs to be coupled out into theam pipes, where absorptive material can be
deployed. Single-cell, spherical designs are cttr@, minimizing the

number of HOMs and the required RF input-couplewgmehandling capability. Each cavity is
powered by its own RF source, through a load-iswaferrite circulator, also obviating an RF
distribution system. The same computer program<hviaid in the design of room-temperature
cavities are appropriate for the optimization of S&vities, as the same cavity parameters are
important in both cases. A Cryomodule for a supsdcoting cavity with HOM-ferrite absorber is
shown in Figure 2.4.7-6.
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Figure 2.4.7-8 Superconducting Cavity Module KKB Factory

The RF system parameters, for an electron ringgusiEKB SC cavities, are given in Table 2.4.7-5.

RF Operating Frequency 506.723 MHz
Harmonic Number 2160
Gap Voltage, V 25 MV
Beam Current, | 450 mA
Energy-Loss/Turn 11.7 MeV
R/Q 9B
HOM Power (est.) 20 kW
Accelerating Voltage Gient ~10 MV/m
Unloaded Q >1 x 10
Number of Cavities 13
Number of MVEDs (Klystr@r 10T) 13
Cryostat LHe Volume & &K 290 Liters
Static loss per Cryomodule at 4.2K Va1l

eRHIC ZDR
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Higher-Order Mode (HOM) Damping

Major design issues, for a high-current acceleyadce the nature of the HOM dampers, how to
remove the heat produced by the absorbed powensfettyload) and out-gassing by the absorptive
material (ion-pump load). Success has been achiesied ferrite damping material, in the shape of
thin cylinders, brazed or sintered to the insiddélsmaf the beam pipes, adjacent to the accelerating
cavities. In addition, the location and geometrytted HOM dampers, which affect HOM RF field
distribution in the absorptive material, power-dgnsand temperature-rise profiles, and other
characteristics, must be optimized.

Low Level RF Control System for SC Cavities

The extremely high Q and narrow bandwidth of SCites; compared with ambient-temperature
copper cavities, causes phase and amplitude chastics to be affected to a much higher degree by
dimensional perturbations. The design of the loveldRF control system is particularly challenging,
therefore, for the following reasons. First, medbaindeformation of the cavities, due to Lorentz
Force, will cause cavity detuning by an amount grethan one bandwidth. Second, regardless of the
required pre-detuning, in the absence of beamcd#véy resonant frequency will be modulated by
unavoidable microphonically-induced mechanical éstcThird, higher stability, in the control of
phase and amplitude will be required, with ampltstability on the order of T0and phase stability

of 0.5 degrees.

The cavity resonant frequency is maintained congtamlriving a Piezo-electric actuator, within each
cavity, in response to an error signal generateddnyparing the phase of the cavity rf input with th
phase of the cavity gap voltage. Cavity voltagal$® down-converted, in a quadrature mixer (vector
demodulator and modulator), using a 506.723 MHeregfce signal. The resulting in-phase (I) and
guadrature (Q) signals are processed in video-biitislvelectronics, up-converted using the same
506.723 MHz reference signal, and applied to thedR¥e line, to maintain klystron transmission
gain and phase. The sensitivity of the down/up eosien process to variations in the amplitude of
the reference signal is minimized by the use obmattic level control (ALC) prior to the mixerShe

RF control block diagram for superconducting caistghown in Figure 2.4.7-7.
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Figure 2.4.7-7: The RF control block diagram for superconductiagity

CW RF Power Amplifier

Microwave Vacuum Electron Device (MVED) Considerations

High-power multi-cavity klystrons, capable of 1.2WyJ CW, are available from EEV, Thales,
Phillips and Toshiba, but must be modified for @pen at either 478.57 MHz, or 506.723 MHz, and
for extended bandwidth, consistent with group-detay the order of 100 ns. A klystron, of
SLAC/CPI collaborative-design, produces 1.2 MW @8.57 MHz, with DC beam input of 2 MW

(beam voltage of 84 kVDC and beam current of 24féy)a conversion efficiency of 60%.

DC Power Supply System

In its simplest form, the electrical part of a CWW¥ Rource is an MVED and a DC power supply.
Again, the optimum (least complicated, most rebatilighest efficiency) form of such a power
supply is the line-frequency, poly-phase, full-wdiygically 12-pulse) transformer-rectifier. The DC
energy-storage requirements are determined byetingred ripple-reduction factor, and can be either
in the form of inductive or capacitive storageaarombination of both.

Protection of the high-power MVED from internal dage resulting from the discharge of energy
and electrical charge stored in shunt filter caace, by an electron-gun arc, is always an issue.
Many RF systems, especially at MW power levels, aiseggered shunt charge-diverter, called an
“electronic crowbar” for protection. The low-impedz “crowbar” diverter cannot dissipate stored
energy itself, and is therefore used in conjunctigim resistance, in series with the MVED cathode,
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which can. This resistance also limits peak faultrent, but also must dissipate continuous power
during normal operation. With short-circuit currdimited by resistance, the energy dissipated én th
electron-gun arc is directly proportional to theat@wharge transport, since the voltage drop oftice
(on the order of 20 V.) is nearly constant, regassllof current amplitude (up to several thousand
amperes). If stored charge is less than one Couylseties resistance alone can provide adequate
protection, since it will dissipate all but a tifmaction of the stored energy. Often the shortgirc
“follow-on” current from the transformer-rectifier]imited by total leakage reactance to
approximately 10 times normal current, will prodacgreater amount of charge transport, unless it is
interrupted at the first zero-crossing (1/2 cyddg)high-speed, solid-state (SCR) switchgear. Inynan
cases, an SCR primary phase-shift voltage contraleo provides the high-speed interrupt. The
latest of protection means is the high-voltageidsstiate, IGBT DC-interrupting switch, in series
with the MVED cathode, supplanting all other forwisprotection, with insignificant charge let-
through and the capability of short-duration autbeneeset. Presently it is also the most expensive
means of protection.
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2.5 Electron Polarimetry

The First Electron Beam Polarimeter Workshop at BWNas held on November 8, 2002 [1].
Representatives from five laboratories participatediscussions of polarimetry for an electron-ion
collider. This section is based on discussiond keking and following the workshop on important
guestions related to eRHIC polarimetry. Since taiti®l design for a beam polarimeter has yet to be
formulated, this section emphasizes items whichuireqsignificant development or careful
consideration in the design of the electron acaéberand ring.

2.5.1 Introduction

Accurate measurements of the electron polarizagi@nessential for the experimental program at
eRHIC. Measurements will be provided by polarimetghich can be separated into two categories:
those which determine the beam polarization proinjection into the electron storage ring, and
those which monitor the beam polarization duriragaje. These two types of polarimeters provide
complementary information valuable for optimizinget electron polarization and minimizing
systematic errors.

The initial polarization will be established by rsaeements performed in the polarized source and
accelerator through a combination of methods. Bezdlne ring will be filled only infrequently, the
use of methods which are destructive to the beaatdsptable in the linac. One possible scenario
would include a low energy polarimeter monitor f&@arization from the polarized source on a
continuous basis. This can be accomplished throligtwell-known technique of Mott polarimetry
[2] or other promising methods[3,4]. The polanaat should also be periodically measured
following acceleration. This can be accomplishiigiently by a Moller polarimeter which stops the
beam or samples some fraction of it. Such dewacesn use for highly energetic external beams at
several other labs including SLAC [5] and Jeffertab. Overall, it should be possible to determine
the electron polarization prior to injection vergcarately. Details of linac polarimetry are not
discussed in this report.

Because the polarization in the ring changes dyecaltyj it is essential to have accurate polarizatio
measurements for the stored electron beam as aduruf time. The polarization build-up time and
equilibrium polarization due to synchrotron radiathas been calculated for the eRHIC design and it
is essential to be able to compare to measurentengmisure that optimal performance is being
achieved. It will also provide the only determioatiof polarization for positron beams, which wid b
initially unpolarized. An efficient polarimeter wiprovide important feedback for beam tuning in
minimizing the effects of depolarizing resonanc@sfast polarimeter also allows consideration of an
adiabatic spin flipper for the eRHIC ring [6].

Polarimeters for the storage ring must employ ahaeism which is nondestructive to the beam. A
proven method meeting this criterion is that ofefa®ack-scattering, which entails Compton
scattering of laser photons from the stored beahnms Method is based on the coupling between
electron (or positron) polarization and circulapglarized photons in the Compton scattering cross
section. Compton polarimetry can be used to deterimoth longitudinal and transverse components
of the beam polarization. Longitudinal polarimetefies on the measurement of an asymmetry as a
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function of the backscattered photon energy. Trarsgv/polarimetry relies on the measurement of an
azimuthal asymmetry with respect to the electromerstum in the backscattered photon flux.

At eRHIC, a longitudinal polarimeter will be locdtdetween the spin rotators in the electron-ion
Interaction Region, thereby directly measuring thentity needed for experiments. A second
polarimeter in the eRHIC electron ring, locatedsale the spin rotators where the polarization is
predominantly perpendicular to the circulation glavill measure the transverse polarization, thereby
providing a consistency check which is independsnthe spin rotators. This technique has been
successfully employed at the HERA electron-protasilider [7,8,9], where complementary
information provided by two independent polarimetbas provided important consistency checks
and improved the accuracy of both measurementgrofposed layout for eRHIC polarimeters is
shown in Fig. 2.5-1.

T Moller Mott
ransverse i )
C Polarimeter Polarimeter
ompton
Polarimeter /
- o]
/ 5-10 GeVering \ 10 GeV Injector

Longitudinal

Compton

Polarimeter

Figure 2.5 -1:Proposed locations for electron polarimeters &I€R

Compton polarimetry is very effective in high eneriectron storage rings for several reasons. The
electromagnetic interaction can be modeled wdbbwahg an accurate determination of the absolute
analyzing power of the polarimeter. The analyzogver for Compton scattering rises with electron
energy, thereby improving the attainable statibtéral systematic accuracy. In addition, increasing
the energy of the electron beam also boosts theygré backscattered photons and focuses them
into a narrower kinematics cone. Both improve thgo of signal to background, an essential
consideration due to the very high intensity of é®&Hbeams. Narrowing the cone of scattered
photons reduces the size of detector needed. Haglexrgy photons can be more readily separated
from the bremsstrahlung background, which is atsmug$ed in the beam direction. The electron
energy at eRHIC, assuming a range of 5-10 GeV, heilsufficient to allow for accurate polarization
measurements. Compton polarimeters in the Amstefdalse Stretcher Ring at NIKHEF [10] and
the South Hall Ring at MIT-Bates [11] have beencsgsfully built and operated for high precision
polarization experiments. Jefferson Lab [12] hia® successfully operated Compton polarimeters
for external beams at lower energies than eRHICopirate.
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As shown schematically in Fig 2.5-2, each Comptofanmmeter at eRHIC will feature a laser
system, an interaction region for the laser andtela beam, and a detector for products of Compton
scattering, either backscattered photons or Comgatatiered electrons.

Laser Electron
Head Spectrometer
Polarimeter Optics v
Interaction o ;
Reci o
egon Laser
eRHIC beam

\ / Scattered Photon
Weak Bends Photon Detector
Cone

Figure 2.5-2: Schematic view (not to scale) of Compton polarané&r eRHIC.

While details will differ, many issues are commanldngitudinal and transverse polarimetry. An
overview of questions related to each of theseegystis presented in the remainder of this section,
with primary consideration given to the identifioat of issues potentially affecting design of the
ring. The section concludes with a discussion efgtatistical and systematic accuracy which could
be expected for these types of polarimeters.

2.5.2 Electron beam

The design of the polarimeter will be governed bgperties of the electron beam. To accurately
sample the beam polarization, the interactions éetwaser and electron beams for the Compton
polarimeters must be placed in straight sectionghef eRHIC ring. In these regions, accurate
diagnostics and controls for the electron beanedtajy are essential. To a high degree, the electr
trajectory defines the momentum direction of baaketed photons. This places a premium on
electron beam, particularly in the transverse polater. The location of this device is planneddor
3-m long straight section in the east arc of ting.ri The longitudinal polarimeter must be placed in
the south straight section downstream of the alaeatvn interaction point.

A complicating factor for the longitudinal polaritee placement is the rapid spin precession of the
electron beam when it is polarized in the plan¢hefring, as is the case between the spin rotators.
The spin precession angle is directly proportidoathe bending angle and for a 10 GeV beam, a
bend of 1 degree will rotate the spin by nearlyd2§rees. Because the detector includes a magnetic
field, the longitudinal projection of the beam paation will precess as the electron beam is
extracted from the electron-ion IP. To compensatehis effect, a weak bend will be introduced
upstream of the polarimeter to rotate the spin kiacks orientation at the collision point. Once
again, very good local diagnostics are necessargotwstrain the beam trajectory and minimize
systematic uncertainties in the polarization meas@nt due to spin precession.
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The use of short straight sections should aidemntimimization of background. This is a particlylar
important consideration in eRHIC where the inteeam will generate copious quantities of
bremsstrahlung photons. Bremsstrahlung is likelypé¢ the dominant source of background, as its
angular distribution is peaked in the same directie that of backscattered photons. In addition to
reducing the efficiency of the measurement, exeesiixes of bremsstrahlung photons can cause
additional problems such as damage to ring vacuumdows. Minimization of bremsstrahlung can
be achieved through a combination of vacuum opation and reduction of the length of the
polarimeter’s interaction region. The interactregions should be limited to a few meters in length

Other considerations related to the electron beamcern focusing. Focusing the electron beam at
the interaction point improves the statistical aacy of the polarization measurement. The beam
size should be considered carefully though, as sepng focusing of the electron beam introduces
divergence into the backscattered flux, therebyimshing the correlation between position and

energy needed for transverse polarimetry. Tydieam sizes in existing Compton polarimeters are
of the order of a few tenths of a millimeter witlvergence of the order of tens of microradians.

2.5.3 Laser system

The design of the laser system is another impor&dement in the design of the Compton
polarimeters. Multiple criteria merit consideratim the selection of the laser including waveléngt
power, emittance, stability, and pulse structuree Taser optics, particularly in the interactiorthwi
the electron beam must also be considered carefuthe interaction region design.

The spectrum of gamma rays produced by Comptomesicef will have an endpoint energy directly
proportional to the energy of incident photons. xMazing the endpoint energy in the backscatter
spectrum is desirable to increase the asymmetrymprbve the signal-to-background ratio. In this
respect, the relationship between laser waveleagthscattered photon energy strongly favors the
use of a short wavelength laser in or near thetitet region. Fig 2.5-3 shows the longitudinal
analyzing power as a function of scattered photwrgy for lasers at 266 nm and 532 nm.

| Lengitudinal Analyzing Power for 266 nm laser | | Longitudinal &nalyzing Power for 532 nm laser |
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Figure 2.5-3: Analyzing powers as a function of scattered phetoergy for longitudinal Compton polarimeters wats6
nm (left plot) and 532 nm (right plot) lasers aatton energies of 5 GeV (red) and 10 GeV (blue).

The selection of a laser system will also be infleed by intensity requirements. It has been obsderve

in other colliders that significant variation inlpozation between bunches can occur. The laser
should be sufficiently powerful to provide a statiglly precise measurement of the polarization for
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each fill. With commercially available UV lasers ofder 10 Watts, it is estimated that statistical
precision of better than 1% in the polarization t@nattained within an hour. However, there is
substantial uncertainty in the background that ballgenerated by bremsstrahlung from residual gas,
which will be dependent upon vacuum conditions. isltalso desirable to have sufficient laser
intensity to accurately sample the electron poddign on a pulse-by-pulse basis. One possible
option for increasing the laser intensity is the wé a Fabry-Perot amplification cavity. Such a
device is in operation in the Hall A Compton Paotater at Jefferson Lab [13] and is being
instrumented in the HERA Longitudinal Polarimet&uch a device could substantially increase the
statistical accuracy of polarization measuremeneR&lIC. If such a system is planned, it should be
included early in the design of the polarimeteeiattion region. The use of an amplification cavity
would require enclosure in the vacuum systemmady restrict the crossing angle between the laser
and electron beam and would influence both ther lasd electron optics. In addition, the use of a
build-up cavity may limit the frequency at whichethiaser helicity can be changed. Such an
arrangement is acceptable for external beams fachwthe current remains constant and its
polarization can be reversed pulse-by-pulse. @¢efRHIC ring where the electron beam polarization
cannot be frequently reversed, it is desirable ¢oable to change the laser circular polarization
frequently. The performance of the cavity in thERA Longitudinal Polarimeter should provide a
good basis for evaluating the utility of such degiin storage rings.

Besides raising the laser power, the statisticau@acy of the polarization measurement can be
improved by either lengthening the interaction oegor tightly focusing the laser and introducing a
small crossing angle between the beams. The desnexbing angle between the laser and the
electron beam will dictate the design of the lagatics. For very small angles of incidence, long
focal length lenses are required. Provision misst lae made for introducing the laser into the’sang
vacuum system. The transverse polarimeter at HER#Aufes a crossing angle of 3 mrad between the
laser and electron beam [14]. A comparable crgsairgle for eRHIC appears desirable as a means
of defining the Compton scattering vertex accuyatélfhe laser systems in most polarimeters suffer
at some level from helicity-dependent translatiohthe laser position. The use of a larger cra@ssin
angle decreases the sensitivity of the scatterantgex position to such translations, thereby reayici
systematic false asymmetries resulting from hehdipendent luminosity and helicity-dependent
laser trajectories. The use of a well-focusedrlass also allow measurements of the beam’s
intensity and polarization profile if highly staboptical mounts and feedback are used to stabiliz
the laser and electron trajectories. The useabssing angle has the additional benefit thatcepti
can be removed and from the vacuum system frontinbeof sight of backscattered photons. This
allows for easier access, increases versatility mmimizes damage to the optics. It also allows
circular polarization to be generated close toiheraction region substantially reducing polatiaat
transport asymmetries.

2.5.4 Detection options

The eRHIC Compton polarimeters will require detexttapable of analyzing backscattered photons,
scattered electrons, or both. There are preceétemb®th options. Most Compton polarimeters have
relied on gamma ray calorimeters. The use of arica¢ter for scattered photons is a scheme
offering many attractive features. It is proverhtgology, having been used in a number of
laboratories. Calorimeters consisting of denseermad$s such as lead glass or cesium iodide can be
constructed in a compact manner for relatively loost. The photon kinematics also features a
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correlation between angle and energy. A segmerdtatimeter can use this information for beam
alignment and reduction of instantaneous rate. s Tarrelation is essential to preserve in the
transverse polarimeter as it forms the basis feptblarization measurement.

The primary concern related to photon calorimedrthie intensity of the eRHIC electron beam. The
electron beams of eRHIC will be the most intensanie to use Compton polarimetry. While the
beam intensity will increase the rate of backscattephotons, thereby improving the statistical
accuracy of measurements, it will also produce taumbigl background from bremsstrahlung.
Because this radiation is emitted in the same timecand cannot be distinguished from
backscattered photons, a creative solution wiltdggiired to eliminate background contributions to
the measurement. At the very least, highly segetedétectors and fast data acquisition systems will
be required with proper gain matching and summihdetectors. Even very fast scintillators will
suffer serious problems with piled up pulses. Ogp@nan a single-photon counting mode is likely to
prove impossible. Operation in multi-photon moderkg well from a statistical point of view, but
relies heavily on very accurate modeling of the apaleter's analyzing power and stable
performance of the calorimeter.

A possible alternative or complementary approaeblires detection of the scattered electron. This
approach has not been used often in polarimettyh&asi been used to produce tagged photon beams
at facilities including such as LEGS [15] at Broakkn's NSLS. Detection of the electron would
require some sort of magnetic field for momenturalgsis. A magnetic analyzer could range from a
bending magnet to a separate magnetic channelibpogscluding a septum magnet to separate
scattered electrons from the beam. Any such deviedd have to include a robust position-sensitive
detector.

The use of a magnetic spectrometer would have asfgnificant advantages over a calorimeter.
Foremost among these is that the energy analysitdvatiow an energy spectrum to be constructed
for any segmented detector. It would not be neggds run in an integration mode. Each cell @f th
detector could produce its own asymmetry which ¢dag compared to the projected shape from
Monte Carlo simulations.

Another important advantage is that the spectrometeild serve as a filter for the rejection of
bremsstrahlung. This is particularly significar@chuse the electrons producing very high energy
bremsstrahlung photons, would not traverse thetspaeter.

There are many open questions and issues relatigtdotion of the electron. This detection scheme
clearly requires additional space in the polarimeteraction region. The use of a septum magnet
could lead to problems with radiation and beamagt®. The introduction of a new magnetic field
would affect the beam trajectory and may compliedterts to account for spin precession correctly.
It would significantly complicate the interpretatioof positional information for the transverse
polarimeter. Also, unless the scattering vertetwben the laser and electron beam is very well
defined, the acceptance of the spectrometer cauliehicity-dependent and variable. The nonlinear
relationship between the energy of the Compton ealyk the beam energy would increase the
demands for the necessary momentum bite and rasolutMomentum resolution of at least 1%
would be desirable at both 5 and 10 GeV.

One possible compromise would involve combiningtthe approaches. The benefits of coincident
detection of scattered electrons and backscatgnetbns have been demonstrated in the Jefferson
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Lab Hall-A Compton Polarimeter. The photon couni@re fast plastic scintillators with low energy
resolution. Energy analysis is provided by a begdnagnet and a silicon detector internal to the
vacuum system. A similar approach could be considered for eRHICQapametry, in which the
asymmetry is based on a photon counter, but conguitary information on the energy resolution is
obtained by detecting the electron for a limiteatfron of events.

2.5.5 Summary

Overall, the outlook for electron polarimetry atHiR appears promising. No insurmountable
hurdles are foreseen in the construction of lasek$cattering polarimeter. Realistic estimates for
statistical precision can be obtained by lookinthatperformance of existing Compton polarimeters.
For the Hall-A Polarimeter at Jefferson Lab, stat#d uncertainties of 1% are obtained within an
hour for a 4 GeV electron beam. Raising the beaergy reduces the time needed to reach this
level of precision. The HERA Longitudinal Polariteeat 27 GeV reaches this level of precision in
about one minute.

The accuracy of beam polarization measurementsultithately be limited by systematic errors.
SLAC has reduced systematic uncertainties to thel lef 0.5% for an external 46 GeV beam.
Systematics of 1-2% are more commonly attainethoatih reaching this level is not trivial. All
depend on specifics of the instrument, but arenafieminated by modeling of the analyzing power,
detector stability, and beam alignment issues.efdhconsideration of these issues from the outset
will increase the chance of success.
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